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section 1 
INTSOOUCTZON 


Thtt objttctlv* of th* Advancod Enorgotica Program at MASA-Lawla 
Raaaarch cantar la to aaarch out and Invaatigata innovativa naw concapta In 
enargy procaaalng ayatama which. If auccaaafully davalopad, could provlda 
aubatantlal la^rovaaant ovar atata-of-tha-art tachnologlaa now anvlalonad 
for apaca mlaalona bayond tha 1990a. Thla ovarvlaw atudy waa undartakan aa 
a first step In this program. Tha ovarvlaw atudy wan parfomad to (l) 
deflna tha atata of tha art of apaca powar tachnologlaa, (2) astabllah 
"banchmarX" standards for comparison of compatlng tachnologlaa on a unlflad 
baaia aa wall aa to provlda a maaaura agalnat which naw and unconvantlonal 
concapta can ba avaluatad, ( 3 ) addraaa tha tachnological impadlmanta to 
ravaal naw rasaarch opportunltlaa, and (4) maka racomaMndatlona on tha 
tachnological araas with potantlal for major iaprovamanta so that NASA's 
llmltad rasourcaa for furthar davalopmanta can ba diractad on a maaningful 
basis. Tha purpoaa of this raport la to ravlaw tha findings and 
recommandatlons of tha overview study. A sunnary of those la Included at 
the end of this section. 

rutura scientific missions, the raqulramants of man In space, large 
scale connunicatlons systems, propulsion and tha naw opportunltlaa enabled 
by tha prospect of powar beaming are all driving forces In tha 
consideration of advanced space powar systems. These forces manifest 
thamsalvaa In the trend toviard higher powar requirements, higher voltages, 
higher temperature powar conversions and higher waste heat rejection 
temperatures pushing bayond the capabilities of current technologies. The 
main issues are the requirements of naw missions, the potential ability of 
advanced technologies to satisfy those needs and the likelihood of 
realizing that potential. These issues are discussed in a general way 
below and are treated in detail with respect to specific technologies In 
later sections of this report. 
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Previous reviews of eidvanced space power technologies have generally 
been limited to specific topics such as energy storage, photovoltaic 
cells^^^, radiation energy conversion in space,^^^ or to forecasts of 
mission requirements^^) and power system requirements.^^) The emphasis here 
has been to broaden the review to encompass all of the major categories of 
space power technology and to develop self-consistent priorities for 
choosing those technologies with the highest payoff, regardless of which 
category they belong to. The scope of this study is outlined in more 
detail below, and the methods used to assess and rank advanced technologies 
axe discussed briefly in the following sections. A summary of the major 
recommendation is presented in Section 1.5. 

1.1 Scope 

Solar energy collection, nuclear energy sources, energy conversion, 
energy storage, power transmission, waste heat rejection and power 
processing technologies are included in the scope of this study. Power 
systems for producing electrical energy and in some cases heat have been 
considered. The power output is assumed to be used on-board the spacecraft 
or for beaming to another spacecraft. Power transmission to ground 
receivers has been excluded from this study because it lies within the 
province of the SPS program; however power transmission from the ground up 
to satellites has been included. Specialized power processing for 
spacecraft propulsion cU.so lies within the scope of this study, while the 
precise mechanisms or processes involved in the propulsion unit are not 
considered. In short the uses of the power output are treated to the 
extent necessary for characterizing their requirements on the power 
system . 


New and advanced technologies being developed by government, 
industrial and university groups have been reviewed. The stage of 
development veuries from flight tested systems all the way to concepts not 
yet even at the laboratory experiment stage. One of the primaory objectives 
of this study has been to sample a wide range of groups involved in 
research and development on technologies related to space power systems. 
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Information has been obtained from Department of Energy programs funded In 
this area as well as from the aerospace Industries and other firms Involved 
in relevant research. NASA energetics programs have also been reviewed to 
determine the state of the art of advanced technology. 

1.2 Methodology 

A committee of scientists and engineers whose ei^ertlse spans the 
range of advanced space power technology was assembled to carry out this 
study under the direction of Mathematical Sciences Northwest, Inc. 

(MSNW). Their review cuid assessment was carried out over a period of six 
months through their ovm individual efforts and as a group in a series of 
three committee meetings. This report incorporates the committee's 
assessment and recommendations for R & D in those areas which offer the 
greatest payoff for improved power system performance. 

The review of the state of the art of advoUiced and new space 
energetics technologies was based on the personal knowledge of the 
committee as well as their contacts with colleagues and other workers in 
the fields which they represent. The committee members were chosen for 
their reputation and ei^rtise in their specialties and for their ability 
to synthesize the latest information related to advanced space energetics. 
The committee members cuid their responsibilities for this review are listed 
in Table 1.1. A list of the groups and individuals contacted for data input 
to this review are in Appendix A. A prel imi nary draft of the review was 
circulated for comments and criticism, and these were incorporated wherever 
appropriate . 

A broad range of opinions have been factored into the review and 
recommendations of this study, A portfolio of views is presented which 
illuminate key technologies holding high payoff potential for large 
increases in space power system performance. 

In establishing benchmarks for advanced space power systems we have 
taken the point of view that the most advemced flight-tested systems should 
be used as the standards. New or advanced space power technology must 
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parfozn significantly bettar than thaaa banchnarks in ordar to qualify for 
attantion in the Advancad Enargatics Program. Tachnologias which anable 
entirely new missions and for which there is no present coaqiarabla 
technology niay also qualify. These benchsAxks are summarized in each 
technology discussion of Section 4. 

New and advanced energetics technologies not currently under 
development as wall as technologies in current development programs but 
promising significjmt advances were investigated in order to determine 
their potential for surpassing the benchmarks. In many instances the 
technologies are only in the conceptual stage of development so that scant 
data were available for assessing their potential. In other cases, 
experimental data %irere present so that a reference level of performance 
could be more firmly established. With this background the reader is 
forewarned that the estimates of performance improvements are highly 
qualitative. For that reason we have refrained from making detailed 
distinctions as to the comparative levels of performance improvements which 
might be achieved. Instead, we have chosen to focus on those technologies 
having a clear advantage over present systems or those technologies which 
attack tough performance limits ^uld which may be instrumental to creating 
greatly increased performance for a whole class of space power systems. 

1.3 Pi:iQritiea 

The criteria for selecting new and aidvanced technologies for 
research under the Advanced Energetics Program are 

e potential for large, nonincrement ail improvements in 
performance, 

e enablement of new missions, and 
e high payoff for a large number of missions. 

Within these criteria we have established individual measures specific to 
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each of the major eubcategorles of apace energetics technologies to 
determine their candidacy for this program. For example in the area of 
photovoltaic cell energy conversion the criteria for performance were based 
on increased lifetime, high efficiency, lower power-specific mass, reduced 
price , higher array operating temperatures .... for a range of output power 
conditions from 1 kw to 1 MIT. Each candidate technology was subjected to 
these criteria. Those having the best overaill potential for improvements 
or those with excessively high potential in one or two areas were ranked 
the highest. 

The most difficult aspect of prioritizing our recommendations is 
related to cutting across the technology categories vdiere comparisons for 
example of energy storage technology to energy conversion technologies were 
required. For this purpose we invoked the more global criteria first 
mentioned in this section. In addition we also considered the finite 
resources available to the NASA Advanced Energetics program and chose those 
technologies which would benefit most from seed money rather than those 
which would require very large initial ea^nditures to test their potential 
for improvement. 

1.4 Structure of Report 

The results of the state-of-the-art review, the technological 
assessment of new and advanced energetics amd recommendations for high 
payoff technologies are summarized in each subsection in Section 4 by major 
technology category. This approach had the advantage of allowing us to 
apply category-specific criteria for ranking technologies before cutting 
across these boundaries in our final recommendations. The contents of 
Section 4 are also intended to be the beginning of a catalog of 
technologies which have been investigated for space energetics along with 
our opinion of their potential. This format should assist researchers in 
the field as well as NASA program staff in selecting technologies for 
further research. 
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The final two auheectione in Section 4 address the broader aspects 
of new mission enablement and a comparative evaluation of technologies. 
These two sections introduce some of the critical space po%rsr systems 
issues and trade-offs used to prioritize our final recommendations. 

In Section 5 we present our reconmMndations supported by a 
discussion of high payoff technologies, R & D priorities, project-area 
(technology) recommendations, program priorities and program 
recommendations. R sunmiary of the highest priority recomsiendations 
follows . 


1.5 summary of Pindinaa and Recommendationa 

The state-of-the-art review of advanced space power technologies has 
led to estimates of the performance limits for each of the major technology 
areas 2 uid to specific needs for improving performance. Por example these 
include a continuing need for improving the performance of the photovoltaic 
cells, batteries and power processing components now in use as the 
worlchorse power systems for most satellites. Higher power spacecraft will 
almost uniformly require new or advanced approaches to overcosn the 
stubborn obstacles to scaling up current technology. New techniques Axa 
needed for deploying large photovoltaic cell arrays and for making them 
last much longer in space. Waste heat radiators for thermal power system 
designs have alreauSy reached their natural size limits with heat pipe 
technology: New heat rejection techniques will be needed for power systems 

much above several hundred kilowatts in size. Energy storage weight: 
becomes a particularly onerous penalty for LEO and GEO missions as the 
power requirements rise: New, lightweight energy storage systems cire 

needed . 


New mission concepts, such as plcuietaury surface exploration and 
return and outer planetary travel, also encourage one to consider advanced 
power technology concepts such as power beaming, compact high-specific- 
power energy-conversion concepts (like gaseous nuclear reactors), power 
systems designed for high performance propulsion and novel components to 
enable these power systems to function at their full potential. 
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over one hundred different new and advanced technologies have been 
assessed in order to determine their potential for improved performance. 
Many other concepts may have been passed over, aund some of these will 
undoubtably arise in the future as being useful to power system 
advancement. However our selection attempts to be representative by giving 
examples of classes of concepts which have been proposed and/or 
investigated for advanced power systems. By applying the screening process 
described above in Section 1.2 we arrived at a more select group of 
prospects to recommend for support under the Advanced Energetics Program. 

The technologies judged to have the highest potential payoff in 
teims of major performance improvement, to have no insurmountable obstacles 
to achieving these goals aind to be applicable to a reasonably large number 
of mission categories were selected for final recommendation. These were 
further classified into first priority, second priority and third 
priority. The six highest priority technologies recommended for the 
program, without any preference intended by their order, are the 
following . 


• FLYWHEELS FOR ENERGY STORAGE - Flywheels have the 
near-term potential of doubling the energy storage 
capabilities of batteries, are capable of retaining 
their energy for years as opposed to months and for 
some applications can potentially be combined with 
satellite attitude control to reduce the weight of 
two separate components. 

e RECUPERATORS FOR HIGH-TEMPERATURE POWER CYCLES - 
With the use of high-temperature heat sources, 
Brayton cycles may become very aidvantageous 
compared to photovoltaics in terms of power 
specific weight at high powers. High-temperature 
recuperators (such as rotating or fluidized bed 
recuperators) would complement current developments 
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in high-temperature expanders to maXe this approach 
feasible. 

• HIGH-TEMPESATORE SOIAR RECEIVERS - These comprise 
the second key conponent along with the recuperator 
in allowing high-temperature solar-thermal power 
systems to be used in space. The potential for 
considerably higher-temperature operation exists 
with advamced receiver concepts which would allow 
high cycle efficiencies and high- specific-power 
solar-thermal systems. 

• MULTIBANDGAP ADVANCED FHOTOVOLTAICS - This 
technology appeaurs to have the greatest potential 
for improving the performance of photovoltaic 
energy conversion by nonincrementail oUDOunt (30% 
efficiency ) . 

e NEW HIGH-TEMPERATURE MATERIALS FOR THERMOELECTRIC 
CONVERTERS - Several materials have been proposed 
which have the potential of thermoelectric 
operation with sustalneu high efficiency at high 
temperatures. The gain would be equivalent to the 
relative gain in Caurnot efficiencies achieved by 
raising the heat source temperature provided that 
increased thermal conductivity losses are 
minimized . 

• NICKEL ELECTRODE IMPROVEMENT AND ELECTROLYTE 
INTERACTION - Proper understanding and improvement 
of electrode materials auid structure has the 
potential of doubling the lifetime and specific 
power of nickel, hydrogen battery operation and 
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making it a significant successor to the current 
nickel, cautnium battery systems. 

The second and third priority categories contain a total of 25 separate 
technologies spanning, for exas^le, advanced photovoltaic cell research, 
batteries, thermionic converters, array and concentrator deployment 
schemes, novel radiators, materials development, beam power transmitters 
and receivers and dynamic thermal power conversion components. Details are 
included in Section 5. A separate search through these technologies was 
made to identify those areaua in which little or no work is currently being 
supported for development. These included high-power systems development, 
high-temperature batteries, flywheel energy storage, power beaming, 
lightweight solar concentrators and high-temperature power-processing 
components. The long lead items in these areas serve to emphasize the need 
for starting programs in the areas of high-power systems development and 
materials and high-temperature concepts which often bridge the materials 
and high power systems requirements. The recommendations are completed by 
noting a definite insufficiency of data in several key areas with the 
potential for significant improvements and by suggesting appropriate 
studies to fill in these gaps. 

There appears to be a multitude of good ideas for increasing the 
performance of space power systems. The Advanced Energetics Program has an 
excellent choice to work from and can have an important impact on space 
power systems of the future. 



S«ctlon 2 


TECHNOLOGY REVIEW AND ASSESSMENT 

The thrust of advanced energy technology in space towards higher 
powers and more reliable, lighter weight systems already has its 
foundations in concepts that are under developsMnt now. Each of the main 
technology categories (e.g., sources, converters, storage, etc.) is 
reviewed below to determine the current state of the art and to establish 
benchmarks agaiinst which to judge future improvements. These benchmarks 
axe based on the best performance of flight-tested components. New or 
advanced concepts must show a non-incremental improvement over the 
benchmark performamce in order to be considered a significamt advance over 
current technology. The theoretical limits and practical operating ranges 
of new and advanced technologies are also reviewed in ^hose ceuses where 
sufficient data is available. Each technology subsection closes with 
recommendations of specific technical areas which should be pursued to 
advance the perfomuince of space power systems. 

2.1 Energy Sourcaa and Collection 

2.1.1 Introduction 

This section describes the status of advanced technologies which are 
used to collect and concentrate solar energy for conversion to on-board 
power, and nuclear power technologies such as radioisotope sources and 
nuclear reactors. Basic energy source requirements in terms of absolute 
power needed asid the form of delivery to the energy conversion unit (i.e., 
by thermal conduction, radiation, neutron transport, etc. ) are described. 
Limits to the performance of advanced energy source technology currently in 
use or under development are estimated in order to establish benchmarks for 
comparing potential improvements in this area. Conventional technology in 
this area is limited to solar energy utilized by flat array solar 
collectors for photovoltaic cells and radioisotope nuclear power sources 
for planetary probes. Partially developed technology includes lew 
concentration ratio collectors for photovoltaic conversion, high 
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concentration ratio solar concentrators for solar thermal power conversion, 
and nuclear fission reactors (solid, liquid, and gaseous fuels) for larger 
scale space power systems. The section concludes with an assessment of new 
and advanced technologies which offer substantial improvements over the 
performance benchmarks established for existing technologies. 

Performance limits projected for developing technologies indicate 
that lightweight (500 g/m^), low concentration ratio (“lO), solar 
collectors for photovoltaic cells can be ready for flight testing in the 
near future as a natural evolution of current developments. Systems 
combining lower weights and higher concentration ratios are strongly needed 
in order to achieve the full advantages of gaullium arsenide photovoltaic 
cells. Current technology for higher concentration ratio (500 to 1000), 
paraboloidal solar concentrators is limited to small (0.5 meter diameter or 
less) sizes in lightweight versions. At the intermediate scale, 
paraboloidal concentrators 6 meters in diameter with specific masses of 
5000 g/m^ have been built . ^ ^ ^ scaling to larger sizes ( i . e . , up to 15 

2 

meters diameter) appears to result in specific masses of about 2500 g/m , 
at present. Therefore, to enable the use of higher power solar thermal 
energy conversion systems, much lighter weight solar concentrators scalable 
to large diameters must be obtained. 

Solar thermal receivers are integrally related to solar 
concentrators for thermal power conversion. Current receiver developments, 
associated at present with terrestrial applications, suggests that specific 
weights of 0.2 kg/kW (of thermal power transferred) can be reached in a 
near-term program. Such receivers will have practical temperature limits 
of 1500 to 1800 due to the blackbody re-radiation occurring at higher 
temperatures and the subsequent loss in receiver efficiency. These devices 
can be scaled to larger sizes (i.e.. Megawatts) but will need novel 
approaches to achieve higher temperatures at high receiver efficiencies. 

Radioisotope heat sources currently produce approximately 460 
Wth/kg; these devices are a maturing technology with no prospects for very 
large increases in specific power. These heat sources axe highly reliable 
and have lifetimes on the order of 15 years using current designs where the 
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liffllta ara not due to thi source itself but rather to the converters. 
Thermal power is limited to roughly 2400 W per module. The potential to 
achieve higher powers amd lower specific masses exists in the prodigious 
amount of development already invested in nuclear reactor technology for 
space. For example, the SPAR solid fuel U02/Molybdenum reactor concept 
under development at the Los Alasios National scientific Laboratory has an 
unshielded specific power projected at 1200 WthA9« & factor of 2.5 greater 
than the radioisotope heat source specific power. These devices are being 
designed in modules on < .e order of 100 kwe, each with the potential to 
scale to approximately 1 MN(e) in size. The prospects for even higher 
specific powers ara good but will require advanced concept development, 
probably in the gaseous fuel reactor area. The question of the kind and 
size of nuclear power sources that should be developed in NASA's programs 
is very much at issue and needs further clarification through comparative 
power systems studies (e.g., nuclear vs. solar) and through a careful risk 
and safety analysis. A recent NASA procurement has begun this process of 
evaluation . 

2.1.2 Reaulrementa 

Energy sources capable of supplying power in the range of tens of 
kilowatts to several hundred kilowatts ara needed for the class of missions 
currently under consideration by NASA. These can be divided into missions 
where solar energy is sufficient and those where nuclear power is a 
necessity. Solar energy conversion is effective from approxiaiately 0.1 to 

O 

2 astronomical units <1 AU - 1.6 x 10 km, i.e., the earth-sun distance). 

A variety of different solar conversion technologies will be needed to 
actually span this range of distance from the sun. Photovoltaic cells can 
be used over this range but aura constrained to regions which are relatively 
free from strong charged particle bombardment. Frequent passage through 
the Van Allen belts and similar space plasma or solar storm plasmas rapidly 
degrade solar cell performemce. Very close to the sun direct solar thermal 
power systems may be used if the radiators can view the cooler regions of 
space . High concentration ratio collectors will certainly be needed far 
from the sun to bring the intensity of the collected radiation up to a 
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uaable lavel. concentrators are also neadsd for high temperature solar 
thermal power systems and may he needed for more efficient, long-lived 
photovoltaic cell converters. Nuclear power systems appear attractive for 
missions far from the sun and have also been used because of their long 
life, high reliability characteristics. Nuclear power systems are also 
being considered as a possible alternative for orblt-ralslng missions where 
many passes through the Van Allen belts will be required. 

2.1.3 Enexgy ^flugcaa 

The status of current technology for solar collector/concentrators, 
solar thermal receivers, and nuclear energy sources Is revle%red below. 

Flat plate collector arrays, the most common emd best developed solar 
collector technology for spacecraft, aure discussed first. These Include 
flat panel and flexible roll-out array structures. The assessment of 
photovoltaic cells is deferred to Section 2.2. While early work on solar 
concentrators and recexvers was carried out by NASA, the most recent 
developments are associated with DOE-sponsored research related to 
terrestrial power systems. 

Nuclear sources have been under development since the I950s for 
space power purposes. They offer very long life and very high integrated 
energy output per unit weight. A variety of nuclear systems have been 
pursued. Some of these have been dropped, while others appear promising 
but have not been carried to the application stage, and still others are 
either being applied or will be applied relatively soon. 

2.1.3.x Solar Collectors and Concentrators 

Solar photovoltaic cell arrays have traditionally been flat arrays 
with no concentration of solar radiatior. . In contrast to photovoltaics 
mounted on a satellite's body, flat arrays provide continuous exposure to 
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th« sun, with doss to optiasl sngls of incldsncs. Osnsrslly, it is 
difficult to spsak of ths array without ths photovoltaic calls bscauss many 
of ths structurss intsgrats thsss two slsmsnts. Bowsvsr, matsrials, 
structurss, and mods of dsploymsnt hslp to distinguish ths diffsrsnt typss 
of flat arrays. In many casss, ths array is mads in rigid pansls which ars 
unfoldsd in spacs. othsr arrays consist of a flavibls matsrial %ihich is 
dsploysd by unrolling it. Ths rigid pansl structurss gsnsrally provids 
mors accurats orisntation to ths sun but tsnd to bs hsavisr par unit arsa 
than ths roll-out arrays. Ths roll-out arrays ars lightsr par unit arsa, 
but thsir psrformancs can bs dsgradsd by poorsr solar alignmsnt. A varisty 
of additional trads-offs ultimatsly govsrns which choics is ussd. In ths 
past fivs ysars low concsntration ratio (i.s., 2 to 10) arrays havs bssn 
considsrsd as a possibls moans for rsducing ths amount of ssmi-conductor 
matsrial rsquirsd for a givsn powsr output and for raising ths sfficisncy 
of photovoltaic convsrsion. Actually, maximum sfficisncy of tan occurs at 
highsr concsntration ratios, but ths attsndant call hsating is hardsr to 
control and ths systsm spscific powsr dstsrioratss comparsd to lo%/sr 
concontration ratios. Also, highsr coucsntration ratio collsctors rsquirs 
greatsr pointing accuracy to maintain thsir advantagas. A sslsction of 
photovoltaic concsntrators adaptsd from a recant review article ^ ^ is 
sho%m in Figure 2.1 to illustrate ths diversity of concspcs being 
considsrsd. Scwm configurations also lend themselves to cell protection 
from high energy particle fluxes (e.g., case N, Casegrainian Light Cone), 
and others may bs especially suitable for split spectrum photovoltaic 
arrays (e.g.. Cases C, I, J, and H). Details on photovoltaic cell 
technology are presented in Section 2.2. 

Larger solar concentrators have been constructed for spacs thermal 

pov^r convsrsion systems which operate at elevated temperatures. Several 

of these schemas are shown in Figure 2.2 (a) and (b), suggesting a 14 meter 

2 

diameter paraboloidal concentrator with 2400 g/m spscific mass %diich could 
bs inflated and then rigidissd with a quick setting foamed plastic 
backing.^ A paraboloidal deployable (pstalled) concentrator 9 meters in 
diameter was also constructed on the Sunflower project with a honeycomb 
sandwich construction, aluminum surface, and 2960 g/m^ specific mass.^^^ An 
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Figure 2.1. Concentrating Photovoltaics 
(Adapted from Reference 7 ) 
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Figure 2.2 (a). Plastic Film Inflated to Pareiboloidal Shape. 
(Reference 8) 



Figure 2.2 (b) . Sunflower Concentrator, Deployed. (Reference 9) 
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alternativtt approach (shown in Plgurs 2.3) using a cons and colunn 
concsntxator was also tested in a small size (1.5 m diameter) with 
projections of 500 g/m^ specific mass.^^^ These concentrators represent the 
state of the art for space systems even though neither one has been 
actually flight-tested, ihe larger of the two would be capable of 
delivering on the order of 200 kw of solar energy to a receiver assuming 
perfect reflectivity. PolishcKi aluminum surfaces typically reflect 85 
percent of visible radiation at near normal incidence; evaporated gold 
surfacing can improve the reflectivity to approximately 99.7 percent. 

Larger land-built concentrators exist which are made from silvered glass or 
thick metal surfaces . ^ ^ The materials and masses would be inappropriate 
for use in space, but the technology of configuring and aligning larger 
surfaces in paraboloidal shapes has been established in principle. 

2. 1.3. 2 Solar Thermal Rfigeivera 

Similarly, solar thermal receivers have been constructed for space. 
For exas^le, the Sunflo«rer project receiver had an approximately £0 cm 
diameter cylindrical cavity aperture with tubing wound around the cavity 
interior to carry the working fluid (Biphenyl - see Figure 2.4).^^^ Larger 
cavity receivers are currently being tested at the Sandia Albuquerque solar 
thermal test facility.^ These receivers, in the 1 to 5 MW class, are 
several meters in diameter, operate with steam or helium at temperatures of 
approximately 500 °C, and are designed for terrestrial potirer tower 
applications. A separate smaller, distributed power solar receiver 
reseeurch program is also in progress at Jet Propulsion Laboratories (JPL) 
where receiver sizes in the range of 10 to 100 kW are being investigated, 
which can reach peak temperatures in the r 2 mge of 1200 ^ to 1400 
examples of the higher temperature receiver concepts are shown in Figure 
2.5 which utilize ceramic heating elements and, in some cases, windows to 
allow cavity pressurization . ^ ^ Higher temperatures will require novel 
approaches to receiver technology. In particular, the temperature limits 
outlined above normally restrain thermal cycle efficiencies (e.g., Brayton 
cycle) to 35 percent or less when the heat rejection temperature is taken 
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Figure 2 . 3 


Cone-and-Column Concentrator Optics. 
(Reference 8) 
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Figure 2.4. Heat Receiver and Test Loop Installed on the 
Ten Foot Solar Concentrator. (Reference 9) 
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into account. Thermal energy conversion is discussed in detail in Section 

2 . 2 . 2 . 


2. 1.3. 3 Radioiaotope Sourcaa 

Radioisotope sources have proven vary successful. In many cases 
they offer substantial advantages over other energy sources and, in some 
cases (outer planetary missions), are the only viable choice. Table 2.1 
summarizes existing and developmental radioisotope space power sources as 
of the early 1970s. The state of the axt is represented by the Hulti- 
Hundred watt (MHW) radioisotope heat source used on the DOO LES-8 and -9 
satellites and on NASA's Voyager missions. The NEW source produces 2400 
wth, weighs 21 kg, and typically operates at 1400 

Thermoelectric power conversion hais been the main poorer generation 
method employed with radioisotope thermal generators (RTGs) giving 
efficiencies in the range of 5 to 7 percent and output powers of “0.5 
KW< e ) . Optimization of the RTG could probably increase efficiency up to 
“10 percent and overall specific power of "88 wthAg • ^ ^ 

While it is probable that radioisotope sources will continue to be 
used for space power, limitations on supply will constrain its future use 
to an amount not much more than presently used. The only practical isotope 
appears to be Pu , which must be made by escpensive and difficult 

235 

successive neutron captures from ; ;n fact, it is only realistic to 
238 

produce Pu as a byproduct from other reactor operations. At “10 percent 
power conversion efficiency, only 50 watts(e) of power capability is 

238 

available per kg of Pu . It is doubtful that more than a few KW(th) of 
additional radioisotope power sources per year could ever be available for 
space purposes. While less developed as a radioisotope source, nuclide 244 
Cm 203 has roughly four times the power density of Pn-238 and might be 
somewhat more available. 

Accordingly, future work in the area of radioisotope sources, 

although it can increase efficiency somewhat to maJce better use of the 
2 38 

Pu heat source, cannot greatly expand either the capability of 



Historical Summary of Radioisotope Systems 
(Reference 16) 
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individual missions by large increases in power nor can it substantially 
increase the nuod>er of missions. In fact, if radioisotope generators were 
to be preferentially allocated for space military applications in the 
future, the amount of power available for NASA purposes could decrease. 

2. 1.3. 4 Nuclear Reactor Sources 

No such supply constraint applies to reactor based power sources. 
There is ample fuel to sustain many hundreds of megawatts of power 
generation in space at high efficiency and high specific power. A number 
of systems were under development for space nuclear electric and space 
nuclear propulsion, but were all camcelled about nine yeaurs ago. In 
general, the propulsion reactors could, in principle, also be used for 
electric generation by using the hot gas output in a turbine or MHD energy 
conversion system. 

The SPAR Reactor 

At present, the only space nuclear reactor still being developed is 
the SPAR reactor system at ^ SPAR will generate 100 ICW(e) from a 

1.2 MW(th) fast reactor (8.5 percent thermal efficiency) using 
thermoelectric converters. Heat is transferred from the "llOO UO 2 -M 0 
core by sodium vapor in Mo heat pipes to the TE converters. Reject heat is 
removed by a 500 space radiator with titanium-potassium heat pipes. 
Overall specific mass would be '20 watts/lb or about an order of magnitude 
higher them RTGs. The design life of the SPAR reactor is 7 yesna, which 
would permit a wide variety of missions; increasing its lifetime to 
approximately 10 years would also allow outer planet exploration. Figure 
2.6 shows an overall view of the baseline reactor, and Table 2.2 summarizes 
the operating parameters. Reactor size is very ssmuLI ( L/D ”1, D “52 cm). 
Table 2 . 3 summcLTizes system mass parameters for a range of output powers 
from 10 to 100 KW(e) using the same basic reactor as structured for 
unmanned missions; manned missions will require substantially more 
shielding. 
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Figure 2.6. SPAR Layered-Core Reactor Design (Reference 17). 
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Table 2.2 
(Reference 19 ) 


SPAR REACTOR DESIGN PARAMETERS 


Reactor power (kW^) 

1200 

Core diameter (mm) 

290 

Core height (mm) 

290 

Core heat pipes 


Number 

90 

Temperature (K) 

1400 

Reactor diameter (mm) 

520 

Reactor height (mm) 

500 

Reactor mass (kg) 

400 


CORE HEAT PIPE PARAMETERS 


Number 90 

Design criterion 

MW/m^ of vapor area 100 

Heat pipe ID (mm) 13 

Power per heat pipe (kW) 13.3 

Heat pipe o.d. (mm) 15.7 

Maximum axial aT (K) 1 

Radial input heat flux (MW/m'^) 1.1 
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Table 2.3 

Operating Parameters of SPAR Thermoelectric 


Power 

Plant 

with Seven Year 
(Reference 20) 

Lifetime 





Power (kWg) 






100 

Reactor power (kW^) 


110 

550 

1100 

Core heat pipe temperature 

(K) 

1400 

1400 

1400 

Fuel swelling (%) 


1 

2 

3 

Burnup fraction - (%) 


1 

2 

4 

Thermoelectric efficiency 

(%) 

9 

9 

9 

Radiator temperature (K) 


775 

775 

775 

Radiator power (kW^) 


100 

500 

1010 

Power plant mass (kg) 


810 

1255 

1775 


Reactor 

400 

400 

400 

Shield 

255 

335 

380 

Thermoelectric converter 

30 

140 

285 

Radiator 

50 

255 

530 

Structure 

75 

115 

160 
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Th« prasant SPAR program la davaloping tha tachnology baaa naadad to 
build a ground baaad prototypa through both analytical and ai^rimantal 
invaatigationa. Conatructlon of auch a prototypa could ba initlatad in 3 
to 4 yaara, dapandlng on raaulta from tha prasant SPAR program tdiich la 
fundad at a level of 2 million dollara a yaar. 

Currant axparimantal afforta center on fabrication and taating of 
Mo-Na heat pipaa for tha reactor core, Ti-K heat pipaa for tha radiator 
tharmoalactric modulaa, and fuel alamanta for inpila radiation taata. 
Although still in tha initial atagaa of devalopmant, all components built 
and tested so far have performed satisfactorily. 

Tha nautronic design of tha SPAR reactor has bean checked by 
conatructlon of a critical assembly; theoretical amd ei^rimantal K^££ 
values agreed to within 1 percent. 

Design studies of a Brayton cycle with turbine inlet tamparatures 
ranging from 925 to 1475 ^ for use with advanced nuclear reactors have 
been carried out.^^^^ Specific Brayton cycle studies for tha SPAR reactor 
have been carried out^^^^ which would require higher reactor temperatures 
on the order of ”1300 with turbine inlet temperatures of ”1200 ^C. 
Thermal efficiency would be considerably larger than that of a 
thermoelectric conversion system, i.e., ”25 percent versus ”8 percent. 

If successful, the SPAR project will allow space nuclear power 
systems in the range of ”50 KH(e) to ”1 MW(e), depending on reactor size 
and power conversion method. It is doubtful that the SPAR technology can 
be scaled to much larger sizes because of heat transport limits in the Mo- 
Na heat pipes, as well as size limits relating to reflector control in fast 
reactor systems. 

Liquid Metal Cooled Solid Fuel Reactors 

Extensive work was carried out by Pratt £ Whitney as well as Atomics 
International, NASA-Lewis, and Oak Ridge National Laboratory during the 
1950s and 1960s on liquid metal cooled fast reactors for space 
applications. ^ ^ Potassium turbines, thermionics, and two phase liquid 
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natal MHD war* tha main po%>ar convarsion options invastigatad. Othar 
options considarad at that tlma includad ma: ' ry RanXina, Brayton cyclas« 
and thamo-alactric concapts.^^^'^^^ Projactad thaxmal afficiancias rangad 
from "5 to '*25 parcant^ dapanding on tha option chosan. 

In tha SHAP-50 zaactor, lithium was axaminad as tha primary raactor 
coolant at a tamparatura of **1100 for oparating systams. Rafractory 
matal piping (a.g., niobium, molybdanum) was raquirad for high tan^rature 
strength and corrosion rasiatanca. Under these conditions tha 
raactor/powar conversion system had good corrosion resistance. Power 
levels of 500 KW(e) were chosan as a first generation system, although 
ultimately the reactor could be scaled to much higher power levels because 
of the excellent heat removal capability of pumped liquid lithium. Power 
levels in the multi-megawatt level appeared achievable. Iha program was 
canceled for lacX of interest in missions capable of using the SN^-50 
system. 


Othar lower temperature liquid metal cooled reactor development worX 
was carried out on tha Siau^-6 and SMhP-10 systams by Atoadcs 
International. These were U-ZrH thermal reactors cooled by NaK 
eutectic, with a maximum coolant teng>eratura of *700 ^C. Various 
conversion options were developed, including thermoalactrics and a mercury 
RanXine turbine cycle. Table 2.4 summarizes the SNAP reactors developed 
during the program. SNAP-a parameters ware 600 XW(th) and 35 XW(e) output 
<6 percent efficiency). A SNAP-lOA system was launched into orbit and 
performed satisfactorily for 43 days at 40 KW(th) and 500 watts(e) using 
thermoelectric conversion until a malfunction in the power plant's voltage 
regulator caused reactor shutdown. The SNAP-8 program was stopped in 1972 
during the general cancellation of the space program. 

gaa-CoQlad Solid Tusl RSACtora 

The NERVA program^ ^ developed and succesfully ground tested a 
substantial number of high power hydrogen cooled, solid UC 2 ~graphite core 
reactors during the late 1950s to early 1970s. Figure 2.7 shows the 3/4 
inch hexagonal fuel element designed by Westinghouse Astronuclear 



SNAP Reactor Test Experience 
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Laboratory for uaa in NERVA. Tha ovarall cora asaanbly showing fual 
elements, central rods, reflector, and flow arrangement is shown in Figure 
2.8. The NERVA reactor was aimed at space nuclear propulsion using H 2 at 
relatively high specific ii^pulse (760 seconds). Although successful in 
ground tests, the lack of a definite mission led to the cancellation of the 
program in the early I970s. 

With soma relativ.ily sio^le modifications, NERVA technology could be 
applied to the generation of large amounts of electric power in space using 
either MHD, high temperature turbine, or thermionic conversion systeois. 

The NERVA system was H 2 cooled with design gas exit temperatures of 
2100 ^C. Projected operational lifetime was 10 hours, limited by chemical 
reactions of the H 2 coolant with the graphite fuel element. These were 
coated with carbide to reduce the erosion rate. At the end of operational 
life most (>99%) of the fuel trauld still remain, however. Design 
conditions are listed in Table 2.5. 

For electric power generation a closed cycle operation with inert 
gas coolant (e.g., helium) would be used. For exan^le, the 7io reactor was 
specifically designed for inert gas, closed cycle power generation by GE- 
Evandale. Under these conditions and somewhat lower temperature operation 
(e.g., “2000 °C), fuel life should be very long (e.g., years). Since an 
electric power version of the NERVA system vrould, in general, be 
considerably lower power and operate in a CW or long pulse mode, many of 
the design problems in the NERVA propulsion application would be avoided. 

Design power was 1500 MW(th) at a reactor weight of “15,000 lbs, 
corresponding to a specific povrer of 100 KW(th)/lb. Wxth a 20 percent 
conversion efficiency, this corresponds to a reactor specific power of 20 
KW(e)/lb. Since reactor weight will decrease only slightly with power 
level, the specific power of derated systems would tend to go as 
(power )~^. 

Cumulative test time for the various reactor engines tested ( NRX 
series, XECF, and XE.KIWI series) was 15 hours at powers edsove 1 MW and 4 
hours at high power. During early development, problems with flow induced 


• SUSTAIN CONTROLLED NUCLEAR HEAT GENERATION 
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NERVA Reactor Fuel Elements (Reference 27) . 
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Figure 2.8. Overall Core Assembly for the NERVA Nuclear Space Power System (Reference 27). 


Design Conditions and Features 
of the NERVA Reactor 
(Reference 27) 
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TOTAL NSS WEIGHT OBJECTIVE (COMPOSITE FUELED CORE) 14, 957 LB 



2-25 


mechanical vibration were encountered. These were solved, and subsequent 
tests showed that NERVA. engines could be repeatedly started and stopped 
without damage from a cold condition. Full design temperatures and powers 
were achieved on a nvunber of occasions. Figure 2.9 summcurizes reactor and 
engine system tests through the end of 1969. 

Because of thermal shock considerations in the relatively large fuel 
elements, temperature ramp rates (up and down) were limited to a mayimiim of 
"SO K/sec. This would not be a restriction for CW or long pulse electric 
power generation but could be a limitation for rapid pulse power 
applications . 

Rotating,, Fluidiaad-fled-Beactora 

A second generation, higher performance reactor was under 
development as a possible eventual successor to the NERVA engine. In this 
reactor, the Rotating Bed Reactor the nuclear fuel was in the 

form of fine particulates several hundred microns in diameter contained in 
a rotating ("IGOO rpm) porous metctll^c cylinder. Coolant gets was cuSmitted 
through the walls of the cylinder, heated by contact with the fluidized 
fuel, and passed out through a nozzle at the bottom of the cylinder. 

Reactor control was by mean;^ of control absorber drums in the external 
moderator/reflector (graphite or beryllium). Figure 2.10 shows an overetll 
view of the RBR with outer diameter equal to “1 meter. 

The RBR projected substemtially higher operational temperatures (up 
to '*2700 °C), a lighter, more compact reactor [~1 m^ for a power output of 
**1000 to 2000 MW(th)], and absence from structural and thermal shock 
problems. Only the fuel was hot - all structural components were cold, and 
the small particulate nature of the fuel virtually eliminated thermal shock 
problems . 

Non-nuclear flow, hydrodynamic, and heat transfer tests were carried 
out on a half scale RBR which estaLblished its basic feasibility. Critical 
assembly tests on cavity moderated reactors demonstrated that the projected 
nuclear performance could be achieved. Figure 2.11 shows the test 


Reactor and Engine System Cumulative Test Time 1964-1969 
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Figure 2.9. NERVA Test Experience (Reference 27). 
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Figure 2.10. Rotating Fluidized Bed Rocket Engine (Reference 30). 
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arrangMMnt us«d for high «p««d bov1*s and at ilia i tha fully fluldixad, 
Stahl* bad was run at 1000 g. Prassura drops through th* sattling and 
fluidizad bads wars aaasurad and found to agraa with tha thaoratical 
pradictions. In tha fluidizad atata, praaaura drop aquala tha bad naaa 
tinas tha affactiva cantripatal accalaration. Particla aotiona wara 
obaarvad to ba ralativaly aaooth and gantla in tha fluidizad atata. 

Work on tha RBR atoppad along with all othar «rork on tha apaca 
nuclaar propulaion prograa whan it waa cancalad in tha aarly I970a. For 
high alactric powar ganaration application* in apaca, tha RBR, togathar 
with tha NERVA systan, would ba tha landing contandara. 

Liquid Foal Mud*. ^ Raactora 

Tha liquid fual nuclaar raactor waa proposad as a concapt for spaca 
application* but not carriad bayond that ataga. Thara a^>aar to ba no 
significant advantagas to liquid fual and a nunbar of major disadvantagaa . 
Although a number of liquid fual reactor* have bean auccaaafully operated 
(a.g., LANPRE), tha coolant ta^paraturaa adhiowabl* if liquid fual is 
contained in tubas are relatively low due to corrosion lisd-tations . Solid 
fuel reactors can achieve higher coolant tamparaturas more reliably. 
Reactors utilizing direct contact of a molten nuclaar fual with a gas 
coolant have bean proposad; however, th* mobility of th* fual poses saver* 
problems of reactivity control and fual loss. 

Gas Fual Muclaar Reactors 

A number of concepts wara proposad for a gas fueled nuclaar reactor 
for space propulsion, and axtanalva tests %rara carriad out on two auU.nllna 
approaches - tha confined vortex and tha "nuclear light bulb.” 

A gas core reactor would permit considerably higher operating 
temperatures than the NERVA engine (10,000 K vs. 2400) and much higher 
specific impulses. Critical tests of cavity moderated assemblies (with 
both U foils as stand-ins and UPg ) have demonstrated that reactors can be 
operated with relatively low ("lO kg fissile masses. 
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Figure 2.11. Elevation and Top View of Rot. 
(Reference 30) 
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Zxp«riJMnts with various typos of confinod vortsx flows wsro not 
ablo to achisvo tho roquirsd soparation to porait a practical 

system. Turbulent diffusion at the interface between the two gases always 
resulted in oxcesrive mixing. Typical containment parameters achieved were 
on the order of 10 (uranium residence time in the cavity divided by Hj 
propellant residence time), while containment parameters of 'lO® %#ould be 
required for a practical propulsion reactor. 

The nuclear light bitlb concept separated the H 2 propellant and 
cerasium fuel with a thin transparent wall (silica or BeO) cooled by an 
auxiliary stream (e.g., neon). The containment problem appears solved, but 
major materials and thermal-hydraulic problems associated with maintaining 
the transparent wall against uranium condensation and excessive energy 
transport (both convective and radiative) are introduced. Por these 
reasons the nuclear light bulb concept was canceled after substantial 
effort was invested in it. 

Gas core reactors could be used for space nuclear electric 
generation but appear to have no significant advantage over solid fuel 
reactors, either in terms of overall weight or higher efficiency, and they 
possess substantial disadvantages related to their severe materials 
problems . 

If the working fluid was separated from the fuel, we would be 
limited to the ten^ratures associated with corrosive interactions of the 
gaseous uranium (metal or DF^) with the coolant tubes. In general, these 
would be substantially less than those with inert gas cooled solids or 
sodium cooled systems. If the uranium gas fuel were used in a direct power 
conversion system (e.g., conventional or pulsed MHD), severe gas 
circulation problems would be Introduced together with materials problems 
relating to compressors, etc. Nuclear control of such systems would also 
be difficult. Finally, in general, MHD efficiencies would not appear to be 
significemtly larger than those of inert gas cooled solid fuel systems, 
since the working fluid in gas core reactors, while hotter, is not as good 
for MHD cycles. It needs higher temperatures to be ionized, and generally 
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has poorer electrical conductivity due to higher electron-neutral 
scattering cross-sections . 

2.1.4 Techno lomr 

Present solar concentrator technology is lisd-ted by both physics and 
engineering constraints. Sunlight can be concentrated no more than a 
factor of 45,370 in three diSMnsions; higher concentration ratios would 
permit focal point tei^ratures to exceed the blackbody source temperature 
of the sun which would violate basic thermodynamic principles. In two 
dimensions ( i . e . , cylindrical parabolic concentrators ) the limiting 
concentration ratio is approximately 213 . These limits are indicated in 
Figure 2.12 which illustrates the limiting concentration ratio which can 
ideally be achieved from the sun for various concentrator ge^Mtries. The 
use of secondary reconcentrating mirrors placed about the receiver aperture 
is technically capable of raising the paraboloidal concentration ratio to 
the 3-D limit, although this has not yet been established by 
eiq>erimont, to the author's b^ at knowledge. Actual concentration ratios 
achieved by land based paraboloidal receivers^ ^ are shotm in Figure 2.13, 
where the ratio a/c of the receiver absorption coefficient to the emission 
coefficient is sho«m as a free parameter. Clearly, the peak temperature 
achievable in the receiver is & strong function of ct/c as well as the 
concentration ratio. In any practical concentrator the focal point 
intensity can be approximated by a Gaussian distribution. In partlcvlar, 
large size paraboloidal concentrators in space will most probably be 
constructed from a large nua^r of flat facets which are individually 
aimed. Figure 2.14 shows the practical limits to concentration ratio 
associated with faceted receivers.^ The larger number of facets the 
higher the concentration ratio up to a point where the number of facets 
becomes impracticably large. The impact of the resulting Gaussian 
distribution is that any receiver with finite aperture cuts off part of the 
incident intensity. However, as the aperture is reduced, the reradiation 
loss also decreases. Therefore, a maximum of solar power received [<> 
(incident intensity - reradiated intensity) x aperture area] occurs for an 
intermediate aperture size. This limit on receiver performance is 
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Fiqure 2.14. Actual Concentration Ratios Achievable with Faceted Paraboloidal Concentrators (60 • Rim 
Angle (Reference 34 ) . 
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illustrated in Figure 2.15.^^®^ The only way to surpass these limits is to 
achieve an effective reduction in reradiation temperature or emissivity. 
Figure 2.15 suggests that temperatures much above 1500 ^ cauinot be treated 
eriiciently with present receiver and concentrator technology. 

Limits to current nuclear source technology also derive from 
fundamental physical and engineering constraints which pertaan to the half 
life of the source and the energetics of the radioactive decay mechamisms 
involved in the case of isotopes, and to the degree of criticality and 
supporting coolant systems in the case of nuclear reactors. Radioisotopes 

238 

are also somewhat limited in supply. As noted eaxlier, Pu is limited to 
500 w(th)/lcg. In contrast, the power density of reactor sources can be 
considerably higher . For example, the SPAR reactor is designed for 3000 
w( th )/kg of reactor maiss with output -emperatures as high as 1300 ®C in the 
range of 500 kW<th) to 10 Mir(th). The SNAP-50 series of liquid metal 
cooled reactors was designed for 2000 W(th)/kg of reactor mass with output 
temperatures as high as 1100 ®C in the range of 5000 kW( th ) to 100 MM( th ) . 
Gas cooled reactors in the NERVA programf are designed for 200 kif(th)/lcg 
with outlet temperatures of 2000 in the range of 1500 Mlf(th). An 
advanced version (the rotating bed reactor or RBR) was projected to 2700 °C 
operation in the 1000 to 2000 Mlf(th) range. Liquid and gaseous fueled 
reactors have also been investigated but do not appear to have any 
significant advantages over the solid fuel reactors described above. 

Current technologies are summarized in Table 2.6 and constitute benchmarks 
for judging new technology in this area. The next section describes the 
basis for comparing various solar and nuclear energy systems. 

2.1.5 Basis of Comparison 

The only flight tested paraboloidal concentrators are those which 
have been developed for communication satellitec . These are on the order 
of 2 to 10 meters in diameter and are not covered with optical quality 
reflecting surfaces. ^ ^ Nevertheless, some very precise parabolic antenna 
have been designed and built and should be examined for contour control and 
pointing accuracy. 
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Table 2.6 

Benchmark Data for Solar Collectors, 
Receivers and Nuclear Power Sources 


Solar Collectors 

Paradjoloidal (Sunflower Project) 

Size (m-diameter) 

10 

Reflectivity EOL (yrs) 

83% 

Concentration Ratio 

500 

Mass/Area (kg/m^) 

2 

Photovoltaic Flat Array (Orbital Workshop 

- Complete Deployable System) 

Size (Area(m2)) 

200 

Mass/Area (kg/m^ ) 

2 

Solar Cavity Receiver (Sunflower Project) 


Aperture (diauneter-m) 

0.5 

Tempe ra ture ( ° K ) 

600 

Specific Mass (kgAW(th)) 

2 


Nuclear Power Source 


Isotopes (Pu^^^) ,MHW Power Source. 


Power per Module (W(th)) 

2400 

Temperature (°K) 

1350 

Specific Power (W(th)Ag) 

115 

Liquid Coolant Reactor (SNAP 10-A) 


Power per Module (kW(th)) 

43 

Temperature (°K) 

1070 

Specific Power (kW(th)Ag) 

20 
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The key features of solar concentrators are size, concentration 
ratio, mass per unit area, and reflectivity over a ten year lifetime. The 
need for higher power, higher efficiency, lighter weight po%fer systems will 
require larger concentrators, higher concentration ratios, lower specific 
mass, and better retention of reflectivity. The size, concentration ratio, 
specific mass, amd reflectivity for the Sunflo<«er mirror are suasMurized in 
Table 2.6.^^^ With developsient one might reasonably BTspmct to be able to 
extend the same structural concepts to paraboloids of 30 meter diameter, 
but not much larger, for single concentrators. Deployment is limited to 
approximately 10 m diameter mirrors; larger sizes will probably have to be 
assembled in space. These limits aire iinposed by the concentration 
ratio, since small deflections from the paraboloidal shape will seriously 
distort the size of the focail spot auid diminish the concentration ratio. 

The values sho%m in Table 2.6 are chosen for a single device. Clearly 
higher concentration ratios amd lower values of mass per unit area^ ^ ^ have 
been achieved by smaller diameter concentrators. The new and advemced 
concentrator technology discussed below aims at significant in^rovements 
beyond the benchmarJcs in one or more of the categories shown in Table 2.6. 

Similarly, deployed>le flat arrays for photovoltaics up to 25 kw SOL 
rating (i.e., 200 m^) have been successfully used in spaced as well as 
lightweight deployable arrays of 50 to 100 W(e)/kg.^^^ This size also 
establishes the basis of compsurison for new amd advanced deployable array 
technology . 

No solar thermal receivers have been flight tested. The Sunflower 
project represents the closest to a basis of comparison since it was 
designed as a space power system and tested on the ground. Its parameters 
are 0.5 meter aperture, a specific power of approximately 500 W(th)/kg, and 
an operating temperature of 600 

Radioisotope sources serve as the basis of comparison for the low 
power range of nucleau: energy sources in modules of 2400 kW(th) amd 50 
W(e)/kg at 1350 At the higher cowers, SNAP 10-A was flight tested 

at 43 kW(th) at temperatures of approximately 800 °C and 20 kW( th )/kg. ^ ^ 



2-39 


2.1.6 Applicability to amnmr±c MlsalanM 

Tabla 2.7 shows ths appllcsbllity of solsx collsctor/concontrators, 
solar rscsivsrs, and nuclsar snsrgy sourcss to gsnsric missions. 

Gsnsrally, thsss missions can bs distinguished on the basis of absolute 
level of power requirements, mission duration, space environsMnt (i.e., 
charged particle and solao: radiation flux Intensities ) aind energy storage 
requirements. In the particular case of earth orbits, nuclear energy 
source applications have 9" eisterisk as a reminder that safety issues snist 
also be resolved before certain types of nuclsar sources can be used. 

Clearly, nuclear sources will continue their historic role for far 
sun missions. In those instances iidiere long term energy storage (i.e., 
batteries) might be the conventional technology, nuclear sources may play a 
role as an attractive alternative, especially if specific power is a strong 
mission determinant; for exas^le, in novel siissions such as lunar surface, 
and returnable missions for outer planet exploration. 

Solar electric propulsion is the principail approach for deep space 
missions including those to comets amd missions out of the ecliptic plane. 
Solar electric propulsion combined with local use of chemical propulsion 
may also be used for exploring the outer planets. Radioisotope potMr may 
also be used as an auxiliary energy source for these siissions. 

Solar energy collection for large photovoltaac arrays and for solar 
thermal power systems is indicated for specific su.ssions in the near-earth 
category where solar insolation is significant amd where the trade-off 
between thermal and photovoltaic power systems is still in debate. This 
trade is still quite an open question at the higher po%rer levels (i.e., 50 
kw amd above). 

2.1.7 Advamcgd Tgchnology Aageaaaants 

New and advanccKl concepts aure discussed here which have been 
suggested as ways to improve the performance of solau: and nuclear energy 
soutTces compared to present technology. While the list is not complete, an 
attempt has been made to contact individuals and groups cairrying on 
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r«March in this area and to revisw thair idsa An assassnant of tha 
potential for inprovanant is prasantad in aac\ casa %ihara sufficiant data 
exists. In those cases idiara data is lacking, an astimata of liXalihood of 
inprovamant is made along with suggestions as to tha desirability of 
generating data for a more complete assassoant. 

2. 1.7.1. Solar gollactora and Concentrators 

Large Deployable Photovoltaic Arrays 

While photovoltaic power systems with up to 25 kW capacity have been 
successfully flown, currays laurger than this have not been flight-tested, 
and the use of newer technologies permitting lower power-specific mass 
would be needed for such future, larger aurrays. For much higher power 
levels, the need to asseRd>le or even to faibricate arrays in space will 
evolve from the payload weight restriction of the available spacecraft. At 
the intermediate to high power levels (that is, from 50 kW to 1 MW), the 
relative merits of deployment versus assembly in space are not well 
determined. Individual studies of these alternatives are ongoing, but 
there appears to be a need for a broad coinparative study of the traide-offs 
between these two options, including a discussion of the size (e.g., power) 
at which assembly in space becomes the desirable option. The potential 
benefits of lairge deployedsle aurrays are substantial in the 50 kW to 1 MW 
po%rar range, because this is, in all likelihood, the power range for 
greatest growth of new missions. Further, it would appear initieilly that 
space fabrication capabilities might be unjustifiable until much larger 
powers are required (e.g., for SPS power systems ) because of the additional 
mass in orbit associated with array fabrication units. 

Lightweight Concentrating Collectors 

A variety of very lightweight reflectors have been proposed which 
promises to reduce the mauss per unit area by approx-lmately a factor of 
10.' ' These concepts utilize metalized plastic films (e.g., Kapton) 

stretched flat over a tensioned frame. A large number of small flat 
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surfaces can be used to approxlaate a paraboloidal surface, as shown in 
Figure 2.14, so that rather high concentration ratios can theoretically be 
achieved in this fashion. However, each individual frasM would need to be 
positioned and held in position, nie ieplications for the backing trusses 
suggest that something on the order of 1 mrad slope error would tolerable 
and practical in truss sections which are as wide as they are deep.^^^^ The 
alternative is to use an active positioning system involving feedback 
control, sensing devices, and some form of mechanical or electromechanical 
drive for positioning. Also, the lifetime of reflective surfaces is not 
well established for thin films; a resurfacing concept may be needed in 
order to make them retain a reasonable fraction (i.e., 85 percent) of the 
reflectivity available at the beginning of life. 

Small figured reflector sections may also be achievable through 
controlled electrostatic distortion of thin films. This would permit high 
concentration ratios with fei^r sections at the expense of a continuous but 
relatively small power drain due to, for example, charge leedcage and the 
control functions. 

Rather little is kno'^i about the support structure required for 
large concentrators. Another NASA program is funding R & D in this 
area.^^^^ It would be worthwhile tracking work in that prograuB (e.g., 
associated with large communication satellite antennae) which must satisfy 
very similau: constraints to those of the solar concentrator. 

Large scale solar concentrators would enable an entirely new class 

of large thermal power systems having high temperature receivers amd, 

hence, the ability to reject waste heat with small area radiation and to 

convert sunlight to useful work efficiently. For this reason we recommend 

initial studies of large, lightweight concentrators. This project area 

should consider novel concentrator technologies (i.e., thin films, 

reflective concentration ratios ) . The goals for such systems should be 

less than 200 g/m^ (i.e., 10 times lighter tham the benchmark), 

reflectivity (averaged over lifetime) of 85 percent or better, and 

concentration ratios of 5000 or more for concentrators 10 meters in 

2 

diameter or larger. Thin, metallized films of 4 g/m have been proposed 
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for solar sail systsms planned for the ■ld-1980s. This approach with a 
suitable support structure may prove fruitful and, ultimately, might lead 
to solar concentrators on the order of 10 

2. 1.7. 2 'fharnial H»e»lvrs 

Many of the advances in solar receiver technology now being tested 
for terrestrial applications need to be eiqplored for use in space. These 
include ceramic tube heat exchanger receivers capable of sustaining high 
temperature operation, secondary reconcentrators to improve the 
concentration ratio at the receiver, and windowed receivers with ceramic 
honeycomb direct absorbers through which the working gas circulates. Each 
of those concepts aims at higher temperature, higher thermal efficiency 
operation. Their use in space would relax soma of the materials 
requirements posed by eiqxssure to air for an Earth-based system. 

Conversely, pressure and stress requirements may be somewhat more demanding 
in the vacuum environment of space. 

A variety of novel solar thermal receivers have also been proposed 
which have the potential for increasing the receiver operating temperature 
while maintaining a relatively low reradiation temperature. One of these 
concepts emphasizes the use of high pressure alkali metal vapors where 
direct solar absorption occurs in a compound molecular state (i.e., dimer) 
of the gas.^^^^ Another concept uses a %#orking gas doped with another 
absorbing molecule (I.e., CN ) and a third uses fine particulates ( e . g . , 
carbon ) suspended in the gas to absorb the sunlight . ( ^ ) Each of these 
relies on the fact that concentrated sunlight can be absorbed directly 
within the working fluid without first having to heat, and transfer heat 
through, a solid surface (e.g., tube walls in a cavity solar receiver). 
Therefore, the working fluid temperatures cem exceed the limits normally 
imposed by heat exchanger technology. If the working fluid is optically 
thick, then it will support a thermal gradient by injecting cooler gas near 
the front of the cavity where the radiation enters so that it flows towards 
the rear of the cavity as it heats up. The reradiation losses are, 
therefore, characterized by the cooler temperatures near the front of the 



cavity. This tachniqu* allows ths ovsrall cavity sfflclancy to bs high 
dssplto ths high sxlt tsnpsraturas of ths gas. Ths cavity walls can bs 
transpiration coolsd by Injsctlng sons of ths gas through ths wall Into ths 
cavity . 


Ths critical tschnologlss In thsss concspts havs sach bssn siQ>lorsd 
to soma dsgrss. Spsclflcally, high tsoqpsraturs windows for solar rscslvsrs 
ars just bsglnnlng to rscslvs attsntlon In DOE'S Advancsd Solar Thsrmal 
program. Ths longsvlty of high tsoypsraturs working fluids In ths stats of 
purity, particulats suspsnslon, or absorbsr doping, stc. rsquirsd to kssp 
thsii absorptivity high Is not wall undsrstood. Ths dssign of ths 
absorption cavity, stc . , Is also am opsn qusstlon which nssds to bs 
answsrad. Ths rscslvsr may bs able to handls hsat fluxss to ths limit 

2 

achisvadils with concsntrating mirrors [s.g., 10,000 suns or 10 HM((th)/m ] 
as the technology of coolsd windows advances. 

An illustrative concept, ths Rotating Bed Solar Absorbsr (RBSA), Is 
shown schematically In Figure 2.16. So lax energy is focused onto ths inner 
surface of a rotating fluidized bed where it Is absorbed by ths inner 
layers of suspended particles. Rapid mixing in the fluidized bed transfers 
the absorbed energy to the other pairticles, resulting in a temperature 
graullent in the bed. The fluidizing gam enters through the rotating porous 
cylinder or "crib" that holds the fluidized bed. The crib is kept at the 
gam inlet temperature with the gas temperature increasing as it moves 
through the bed until it exits from the inner fluidized surfaice. 

Performance parauneters for the RBSA are indicated in Figure 2.16. This is 
just one of several concepts being proposed. 

Development of high temperature solair receivers for space power 
systems will involve one or more of the following areas: 


e llirrored collectors/concentrators 
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Figure 2.16. Rotating Bed Solar Absorber (RBSA) for Space Power. 
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• Coolsd transpftrsnt window for tho focvuiod solar 
flux 

• Absorbor cavity and assoclatsd flow and Mchanlcal 
•quipBwnt 


Ths above ranking rsf loots the dogroo of dovolopmnt roquirod, with 
the nost dovolopsMnt probably being needed for the airrors and 
concentrators. The absorbing cavity can be relatively sisqple 
mechanically. For example, work on the thermal hydraulics of rotating 
fluidized beds indicates that heat transfer and bed stability should be 
adequate. Work would be needed on long term integrity of the receiver 
materials. Design studies of the solar absorption in the receiver would 
also be needed. 

Development of the windoii^ receivers appears to be feasible. 
Windows would require active cooling to remove absorbed and convectively 
transferred energy, but the heat flumes should be quite low (a few 
watts/cn^ ) and could be readily handled . Stress distributions ( both 
primary and thermal) and mechanical design (particularly scaling) would 
also have to be investigated. 

2 . 1 . 7. 3 

Very little remains for improvement of radioisotopes as an energy 
source. These are well established as a long-lived source for outer 
planetary exploration. Most of the continuing development in this area 
will focus on making small but useful adjustments in design to make the 
sources more resistant to atmospheric ablation and impact break-up for use 
in Earth orbit applications. We recomend that the isotope heat sources 
not be the specific subject of the Advanced Energetics Program. 
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2. 1.7. 4 Muel»«r 

Advancad raactora daaarv* aarioua attention aa high power, low 
apecific aaaa heat aourcea. NASA needa to adopt a poaltion on what reactor 
aourcea, if any, it will need in the yeara to coeM. The earlier auch a 
poaition ia reached, the aoener the neceaaary R £ D can begin on the long 
lead iteaei needed for a aucceaaful reactor program. The SPAR program at 
LASL repraaenta juat one of aever^'l alternate reactor concepta that can be 
puraued. While it haa the aimpleat coolant ayatem (i.e., heat pipea), it 
ia by no meana neceaaarily the moat deairable in texma of abaolute power 
level or apecific maaa. Aa diacuaaed earlier in thia aection, a range of 
reactor concepta exiata with varying degreea of coaplexity and level of 
development to provide power to nearly any miaaion conceivable. Reactora 
do not need on-board energy atorage, are long-lived, and can be made to 
operate very reliably, offering a very attractive energy aource for NASA. 
While the Advanced Energetica Program need not apecifically concern itaelf 
with the whole of a reactor concept, it can help to decide which reactora 
are moat deairable within the context of varioua miaaion claaaea and help 
NASA arrive at an appropriate R £ D poature on apace reactora. Individual 
novel reactor concepta may alao ariae from auch a atudy, which need a proof 
teat and/or further analyaia before their promiae ia clear. Such concepta 
would be worthy of attention in the Advanced Energetica Program once the 
baaic direction of NASA 'a coamUitmont in the nuclear reactor area haa been 
eatabliahed . 

2.1.8 Energy Souxets Conclusion 

Thia aection haa emphaaized aolar energy collection for photovoltaic 
cella, solar thermal po%irer ayatema, and nuclear energy aourcea. The 
greatest advances appear possible in those areas leading to larger power 
systems. Large solar arrays and large, lightweight solar concentrators are 
enabling technologies in this respect, aa are the development of high 
temperature solar thermal receivers. One of the chief benefits of 
developing higher temperature sclar receivers is to operate more efficient 
power cycles and to reject waste heat at higher temperatures in order to 
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reduce the overall power system weight. The use of large nuclear power 
systems in space appears technically feasible considering the enormous 
amount of R & D already performed in that area. The most important 
question concerns a need for a definite NASA posture on the use of nuclear 
power in space. 

AS a result of aissessing the current status of energy sources for 
space power and suggestions for new and advanced technology in this area, 
we reconmend the following areas of research: 

1. LARGE DEPLOYABLE ARRAYS: Novel concepts for 

handling arrays greater than 50 to 100 kw should be 
investigated at a modest level and tested in the 
laboratory at full scale to prove the technical 
concepts and establish problem areas needing 
engineering development. Increasing the size of 
the deployable arrays would help to guaramtee the 
continued success of the photovoltaiic cell as a 
mainline space power source into the future, as 
NASA's power requirements grow. 

2. LIGHTWEK^ SOLAR CONCENTRATORS: New and advanced 

Structural concepts and reflecting materials (e.g., 
thin metalized films) need to be studied (1) to 
determine the best way to assend}le a large, high 
concentration ratio concentrator in space, and ( 2 ) 
to test specific reflector concepts for durability, 
rigidity, controllability, and end-of-life 
reflectivity. Lightweight solar concentrators 
represent a technological adveuicement which should 
enable the use of high power, compact solar power 
systems . 
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3. SOLAR THERKAL RECEIVERS: Several high temperature, 

light%raight solar receiver concepts have been 
suggested which have the potential for allowing 
higher thersial cycle efficiencies and/or rejecting 
waste heat at relatively high temperatures to 
reduce radiator weights. The ability to use high 
temperature working fluids already eaceeds the 
ability to produce high temperatures efficiently in 
solar receivers. Hence, this is a key technology, 
enabling efficient sol 2 ur thermal power systems of 
low power-specific mass. 

4. NUCLEAR REACTORS: A position paper needs to be 

developed laying out NASA's requirements, if amy, 
for high power nuclear reactors for space power. 

This paper should also review the need for advanced 
research in those sureas corresponding to NASA's 
reactor requireswnts. 

2.2 Energy Conversion 
2.2.1 Introduction 

This section reviews the state-of-the-art of energy conversion 
technologies including photovoltaic cells, thermoelectric converters, 
thermionic converters, thermal dynamic cycles, and a variety of other 
energy conversion concepts. The technology for capturing or releasing 
energy from an energy source has already been discussed in Section 2.1, and 
converters that trainsform stored energy to electricity are included in the 
following section (2.3) on energy storage (e.g., batteries, fuel cells, fly 
wheels, etc.). Table 2.8 shows a list of some of the principal technologies 
considered in this section. Wherever overlap occurs with Sections 2.1 and 
2.3, the corresponding technologies are referred to for the reader's 
assistance . 
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Table 2.8 

Principal Energy Conversion Technologies 


DIRECT CONVERSION 

Photovoltaic Cells 
Thermoelectric Converters 
Thermionic Converters 

DYNAMIC CONVERSION 
Gas Turbines 
Free Piston Expander 
Energy Exchanger 
MHD Generators 

NOVEL ENERGY CONVERSION CONCEPTS 
Photo-assisted Electrolysis 
Photo Diodes 

Thermo Photovoltaic Conversion 
Thermo-Electrochemical Conversion 
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Energy conversion technologies for space poi#er systMis aura in 
vaunting stages of aaturity, developnent , or conceptualization. The latter 
category includes photovoltaic cells and themoelectric converters. 

Clearly, photovoltaic cells have been preferred because of their 
reliability and elegant simplicity. Radioisotope powered thenoelectric 
converters have sunilar attributes auid have been used for missions far from 
the sun %dtere solar radiation is too faint for practical collection, for 
missions where fixed orientation to the sun is undesirable, or for missions 
needing power during a long period of occultation ( i . e . , planeteury surface 
exploration). Solar thermoelectric converters have also been investigated 
for use near the sun. Thermal dynamic systems such as Brayton cycle gas 
turbine emd Rankine cycle turbine power systems have been extensively 
developed for space power systems but are not used for present spacecraft. 
The remaining technologies have only been considered, or in some cases 
developed to a lesser degree, for actual application. 

The relative quality of the available data is of importance for any 
comparative assessment. Because of the large differences in the 
development status of the various power systems considered, the quality of 
the data, by necessity, vearies considerably. The best data available is 
that stemming from in-orbit eiq>erience. However, it requires that the 
power system has remaxTied in au\ operational status for some time. This is 
not the case for most of the advanced power systems, some of which are in a 
conceptual stage, with only projections to in-orbit performance being 
possible. 

special OOD requirements may exist for specific attributes of a 
power system which may have greater weight than the attributes of interest 
for normal NASA service . Such special attributes will not be considered in 
this assessment . 

The aissessment of current technology follows a fairly uniform set of 
criteria for comparing disparate concepts. These are generalized as the 
power-specific mass, the system life, and the price of power. In many 
cases, these criteria are mission dependent, since both the mass and the 
power deliverable at the end of the system's design life depend on the 
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mission orbit, mission lifstims, and payload rsquirsmsnt. Thus, a second 
set of criteria more specific to each particular converter technology is 
used to develop a preliminary ranking before trying to esqpress the nmrits 
of a given type of converter more generally. In addition, while efficiency 
is not a good direct measure of converter merit (generally, specific power 
is the most important criteria), component efficiency does have a strong 
system-wide effect in terms of total system weight (e.g., influencing both 
collector and rauliator size in a solar thermal po%wr conversion system). 
Therefore, we include it in the technology evaluations which follow. 

Materials play an important role in the develoEsnent of higher 
performance systems. In some cases, especially in established conversion 
technologies, an evolutionary materials developetent process has been 
underway for many years. For example, high temperature materials for 
turbine blades permit higher cycle tei^eratures and higher cycle 
efficiency. Similarly, photovoltaic cell materials have been improved by 
using higher purity silicon and better dopant diffusion processes. 

However, the development of materials already in use today is unlikely to 
lead to major, non-incr«sental improvements in converter performance. The 
most likely paths to such io^rovements are the use of different or new 
materials emd the conceptualization of new converter types or 
configurations. Such advanced systems will face a relatively well 
established set of benchmarks to compete against, as discussed in Section 
2.2.5. A variety of these new and advanced ideas are assessed in section 
2.2.7 summarizing the status and potential of each. 

The main conclusions of this section are that significant 
improvements in performance eure available i.i both photovolt 2 U.c smd 
thermally driven converters. A multitude of adv«mced converter concepts 
have been suggested of which only a select group have sho«m a realistic 
potential for non- incremental improvement over the performance benchmarks. 
In the area of photovoltaics, these potential improvements are associated 
with better methods of encapsulating cells, providing increased rauliation 
resistance and higher single cell efficiency. Both multi-bandgap cells and 
high solar concentration cells have been singled out for 'I'ctention. These 
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technologies axe being developed within HhSA already; specific areas not 
presently covered in these prograns axe called out for support. Thental 
energy converters promising large improvements uniformly require high 
temperature sources and radiators as part of the power system requirements 
to achieve these improvements (see Section 2.1 for high temperature sources 
and section 2.4 for high teaqperature , light«ieight radiators). 

In other respects, the advanced thermal converter category 
recononended for support is very diverse, ranging from new thermoelectric 
materials and electrode configurations to high temperature expanders for 
thermal dynamic systems. Thermal cycle efficiencies in excess of 40 
percent appear feasible for several of the systems employing these 
converters with eissociated reduction in po«;er-specific mass. The thrust to 
higher powers is the driving force behind the reconsideration of thermal 
energy conversion systems. A number of systems studies to investigate the 
needs and trade-offs of thermal energy vs. photovoltaic conversion systems 
is recommended, which should account in detail for new ideas in each of 
these aureauB. 

2.2.2 Conversion Reouirementa 

Energy conversion requirements from 20 kW up to megawatts of power 
have been identified in planning for future missions. The requirements of 
man in space lead to power in units of approximately 5 to 10 kW of power 
per person for extended missions ( i . e . , where regeneration of oxygen and 
moisture is required). Future missions involving space platforms or large 
communications satellites may push power requirements up to severaLL hundred 
kilowatts; power needs for orbital transfer propulsion may range upwaurds of 
1 MW. As power requirements increase, the efficiency of conversion becomes 
increasingly importamt since the amount of rejected heat in low efficiency 
systems leads to very laurge radiator areas and, in solaur powered ‘Systems, 
the collector also becomes a very large structure. In the case of 
photovoltaics, both surfaces of the collector radiate waste heat; 
nevertheless, the low efficiency, in absolute terms, of photovoltaic 
conversion still leads to very large and cumbersome arrays. Thermal power 
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aystwu nay hava sona advantagaa in taxma of ovarall syatan afflciancy, 
aspacially at highar powara, ao long as tha powar-apaciflc mass can ba leapt 
small. Bacausa of tha trand to highar potfars, tharafora, thara is a 
natural motivation to axamina highar powar, thamal anargy convarsion 
ayatema that scala favorably with Incraasing powar. 

2.2.3 Convaraion Mathoda 

2. 2. 3.1 Photovoltaic Enarov Convartara 

INTRODOCTIOM 

A comparative aasaasmant of spaca power systems should, ideally, be 
based on three generalized criteria: the power-specific mass (g/W), tha 

price of powar (S/V), and tha system life (Table 2.9). Tha determination 
of the power-specific mass should include the maas of tha entire power 
system, including storage and power conditioning %rhare applicable, and 
should be based on the power actually deliverable to the load at the end of 
life (EOL) under the actual operating conditions. The price of power 
should be baaed on the cost of tha complete system, installed on tha 
spacecraft amd fully operational, and on the EOL power deliverable to tha 
load. For some systems whose mission is power delivery, such as the SPS, 
the costs of launch, transfer to orbit, amd assembly in orbit should also 
be included in the power system price. These criteria are, however, not as 
general as would appear initially, since both the mass and the pot#er 
deliverad>le at EOL depend on tha orbit amd on tha mission. The dependence 
on the orbit stems primarily from different radiation environsiants and 
operating temperatures attaiined, %dtile the dependence on the mission steins 
primarily from varying requirements for energy storage amd power 
conditioning. The system life represents the time to the appropriately 
defined end of the useful life of the power system. In some causes the 
useful life of the spacecraft system may be shorter than that of the power 
system. 


While these generalized criteria would make the comparative 
assessment of different power systems rather easy and transparent, they are 
usually not available. Instead, a number of specific criteria aure often 
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Table 2.9 

Generalized Criteria 


1. Power-Specific Mass (g/W) 

Should be for complete power system; power 
EOL, at in-orbit operating conditions. 
(Depends on orbit, mission, because of 
battery and PC subsystem mass, radiation 
environment, operating temperature.) 

2. Price of Power ($/W) 

Price of complete system; power output EOL, 
at in-orbit operating conditions, including 
launch costs, where applicable. (Dependencies 
as in PSM.) 


3. Life 

Time to appropriately defined EOL. 
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given (Table 2.10). The specific criteria are used, at least in part, 
because the generalized criteria are dependent on orbit and mission. They 
are, however, more specific to the particular power system and, thus, do 
not readily permit a ccmparative assessment of different power systems. 

The specific criteria include, for example, the power-specific mass and the 
price of power of a photovoltaic array alone, generally at the beginning of 
life (BOL), or the BOL efficiency of the photovoltaic array, or even the 
BOL efficiency of the solar cells themselves. Instead of the system life, 
degradation characteristics of specific components or subsystems are 
usually given. These degradation characteristics are usually given with 
respect to certain influences which can be readily simulated in the 
laboratory rather than those resulting from the combined effect of several 
simultaneous influences eiq>erienced in orbit. Thus, the degradation 
characteristics are usually given for solar cells under irradiation by 1 
MeV electrons, with approximate equivalency factors for other electron 
energies or even protons available. Some types of solar cells have also 
been found to degrade under the influence of short wavelength photons. The 
European produced solar cells, %diich are prepared from float-zone refined 
silicon, particularly show such sensitivity. (The American produced solar 
cells are prepared from Czochralski-gro%m silicon. ) 

1980 TECHNOLOGY BASE OP 
PHOTOVOLTAIC SPACE POWER ARRAYS 

Photovoltaic solar energy conversion systems have formed the vast 
majority of the power systems for spacecraft with mission durations greater 
than one to three weeks. Relatively few spacecraft have been equipped with 
radioisotope thermoelectric generators (RTGs), particularly those with 
missions far from the sun where the solar irradiance is too low to make its 
utilization practical. Photovoltaic arrays with BOL ratings eus high as 25 
kw ( Orbital Workshop together with Apollo telescope mount ) have been 
installed on spacecraft, and an upper limit for the size of photovoltaic 
arrays on spacecraft is no longer considered. In fact, designs of 
photovoltaic arrays with rating above 20 GW ara actively pursued for the 
SPS system. A guaranteed photovoltaic system life of seven years in 
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Table 2.10 
Specific Criteria 


1. Power-specific Mass of Array, BOL 

2. Price of Power of Array, BOL 

3. Efficiency of Array, BOL 

4. Efficiency of Solar Cells 

5. Array Operating Temperature 

6. Degradation Characteristics 

a. Electrons (1 MeV) 

b. Protons 

c. T cycling 

d. P re -launch Environment 

e. Photons, if applicable 

7. Quality of Available Data 

(In-orbit experience, accuracy of 
in-orbit performance predictions) 

8. Special DoD Requirements 
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geostationary orbit (GEO) .^s now standard, with tsn years actual useful 
life a not uncoBston experience / ^ The life-limiting item is frequently 

the battery rather than the photovoltaic array. In low earth orbits (LEO), 
with their more severe radiation environment, the useful life is usually 
guaranteed for one tenth of a year to five years, depending on the 
orbit.(«) 

The photovoltaic space po%fer systems have all been baaed on the use 
of silicon solar cells. For space application these cells are all of the 
*‘n on p” type because of greater radiation resistance, with most of 
nominally 10 Ohm cm base resistivity. The remainder uses 3 Ohm cm base 
resistivity with advantage. Modern space solar cells of high efficiency 
have either a texture-etched front surface with a single layer anti- 
reflection coating, or a multi-layer anti-reflection coating on a polished 
surface. The cells have a so-called back surface field (BSF) base 
structure, with soim having an eidditional photon reflecting back surface 

The front layer, generally phosphorus diffused, is nominally 0.1 
to 0.3 ym thick. The overaU.1 cell thickness is 200 to 300 ym. Boifever, 
cells of only 50 ym thickness have recently been successfully fabricated 
with only a relatively small efficiency tradeoff (14% Cells of 

200-300 ym thickness with 14.5 to 15.5% Air Mass 0 efficiency under 
standardized test conditions are routinely available from current 
production lines. Since many power system designs, to which 
arrays are now being delivered, are older and specify solar cells of lower 
efficiency, the average efficiency of the solar cells currently produced is 
closer to 14%, and the average array efficiency is near 13%.^^^'^^^ A major 
reason for this low average cell efficiency is that substantial numbers of 
older cell types are still being bought . The radiation degradation of 
present production solar cells, measured with 1 MeV electrons at a fluence 
3 X 10^^ cm^, is approximately 0.75 of the initial power output. 

The annual production rate of space-qualified solar cells in the 
United States fluctuates around 100 kW, and has not been in a growth mode 
in the la.^t ten years. ^ The rated power of the spacecraft arrays 

produced is a fraction of this 100 kW number, and that of the spacecraft 
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launched by NASA and DOD coadblnad m«m to b« laaa than 30 kN par yaar/^^^ 
Tha total a^^rlanca baaa of photovoltaic po«#ar ayatMa In apaca aaaaa to 
ba in tha ranga of 600 to 1,500 kW • yaar. Thla nuabar la baaad on tha 
total ratad po«#ar of tha apacacraft launchad, aultlpllad by thaix uaaful 
Ufa. 


Tha ayataaw which hava baan flown to data do not uaa optical 
concantxation but axa conpoaad of axtandad flat axxaya ox body aountad 
arraya of allicon aolau: calla. Tha po%rar-apacific aaas of tha aoxa 
recant ly daaignad axxaya falla into tha ranga of IS to 60 g/W BOL, 
depending on tha individual apacacraft daalgn, and excluding tha heavier 
body-nountad axxaya . ^ ^ Tha powax-apacific price fox tha cOTplata 
array, including attachaant and daployaiant machanian, falla into tha range 
of 400 to 1,000 3/^f,(^*»53,56 ) actual powax-apacific price of tha array 
for an individual apacacraft dapanda conaldaxably on tha aiaa of tha power 
ayatam and on tha type of deploynant uaad. A conaidarabla fraction of tha 
spacecraft arraya dalivarad aaam to fall into tha lower part of the given 
price ranga (Table 2.11). 

Two other parta of tha photovoltaic power systaai need mentioning. 
They are tha povrar conditioning ayatam and tha energy storage. Tha power 
conditioning systems used ranga from rather unsophisticated, low efficiency 
saxias or shunt regulators to maximum power point tracking systems with 
efficiencies as high as 99%. Hass, volume, price, and reliability of these 
systems seam acceptable. Energy storage has baan found to present a bigger 
problem, both with respect to mass and to reliability. So far, nickel- 
cadmium batteries exclusively hava baan used for energy storage. However, 
Comsat hais been developing nickel-hydrogen calls, with a successful flight 

( AQ \ 

experiment already carried out.^ ' 

2. 2. 3. 2 Thermal Conversion 

Thermos lactrlc tharmal converters hava baan in use on spacecraft. 
Thermal Brayton po%#er units and alkali-metal vapor, mercury, and organic 
Rankine cycle power systems have each undergone substantial developPMnt for 
space power systems. In addition, a variety of advanced and new thermal 
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Table 2.11 

Technology Basis 1980; Photovoltaic Arrays 


Item Assessed 

Units 

Current 
Production 
Si Flat Arrays 

Power-Specific Mass 

g/W 

15-60 BOL 

Power-Specific Price 

$/w 

400-1000 

Life GEO 

y 

7-10 

LEO 

y 

0.1-5 

Production Rate 

)cW/y 

-100 

Experience Base 
(total flown) 

kWe 

600-1500 

Array Efficiency 

% 

13 ave . 

Solar Ceil Efficiency 

% 

14 . 5 ave . 

Radiation Degradation 
@ 3 • 10‘‘*cm^ (1 MeV) 

- 

-0.75 
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pow«r conv«raion concapta have baan propoaad which hava aoaw potantial for 
incraaalng powar ayataai parfomanca owar what can ba achiavad at praaant. 
Each of tha ralatlvalv wall davalopad thaxMl anaxgy conwaralon approachaa 
la daacribad balow, juBBMrlxlng tha currant atatus and axpactad parfomanca 
of thaaa tachnologiaa and tha poaaibla iapadiMnta to thalr dawalopatant . 

Tha advancad tachnologiaa ara aaaaaaad in Sactlon 2.2.7. 

THERMOELECTRIC CONVERTERS (TE) 

Thaxnoalactric tachnology haa baan davalopad aa a rallabla potMr 
sourca which will provida watta to hundrada of watta of alactrlc powax 
uaing availabla iaotopa haat aourcaa. Thara hava baan two typaa of 
applicationa for thaaa davicaat 1) xanota aita or undaraaa whara air or 
watax cooling ia availabla, and 2) apaca applicationa whara rajaction 
tanparaturaa ara raquirad to ba highar to raduca ayataa waighta. 

Tiia majority of raaaarch haa baan dlractad toward achlaving 
raliability with only limitad affort toward naw aatariala or highar 
tamparatura matariala. It ia only racantly, ainca tha propoaad davalopaMnt 
of a high taa^ratura raactor, that highar tamparatura thaxnoalactric 
matariala ara baing conaidarad.^ ^ 

Typical hot junction tamparaturca for (Bi,Sb) 2 (Ta,Sa)^ ayatam ara in 
tha 200 to 300 °C ranga (475 to 575 ^). Oagradation rataa incraaaa aa a 
function of hot junction tamparatura from diffuaion machaniama, 
vaporization machaniama, Kirkandall void formation, ate. Pigura 2.17^^^^ 
ia a dagradation curva for rha (Bi,Sb) 2 <Ta,Sa )2 ayatam; almilar bahavior 
can ba azpectad for othar thamoalactric ayatama. Tha low oparaclng 
tamparatura for this ayatam makaa it of littla intaraat for futura apaca 
powar, although RTGa of thia typa wara uaad in tha 1960a. 

Tha ayatam which ia baing uaad now for apaca powar ia tha Si-Ga 
thermoalectric ganarator. Thia genarator haa flo%m on LES 8 and 9 
miaaiona, voyagar 1 and 2, and ia plannad for Galilao and tha Zntarnational 
Solar Polar Mission . Figura 2 . 18^ ^ shows tha ovarall ayatam af f iciancy 

is approximataly 6% (net electrical output/total thermal input) BOL; tha 
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corxttsponding EOL efficiency is 5.5%. This figure can be regarded as 
typical of currant technology. Inprovements in overall syetma design allow 
increased mission length and lo%fer specific mass for the system (Figures 
2.19 and 2.20). 

THERMIONIC ENERGY CCXIVERTERS (TEC) 

TEC research and developsMnt has been concentrated on individual 
converters and small clusters of converters; relatively little data exists 
on entire systems tested for long periods of time. As a consequence, 
assessing the performance for a TEC system is difficult. The operating 
temperature for TEC (1400 ^ and above) maxes electron bombardment heating 
the most practical approach for labo-\tory devices. Most research devices 
are planar in design and have, as ' nsequence, large extraneous heat 
losses idiich mak .2 high-confidence calculations of efficiency difficult. 
However, cylindrical devices have been tested which have smaller extraneous 
heat losses, resulting in increased confidence in the observed 
efficiencies. Even in this case the effectiveness of coupling between 
individual TEC devices, as %#ell ais coupling betw in the TEC system amd the 
heat source, can only be estimated and should not be vie«red in the same 
perspective the performance data from other prototypical systems. 

While substantial efforts have been made in the United States and 
abroad to develop in-core thermionic reactor fuel elements for nucleau: 
reactors^ with engineering prototypes tested for tens of thousamds of 
hours and more, these have generally been designed for thermal reactors. 
Significamt problems of device distortion amd failure due to fuel swelling 
are encountered when the equivalent technology is used in contact fast 
reactors suitable for space. The resolution of these lifetime problems 
will lead to a significant advance in TEC space applications . ^ ^ Out-of- 
core thermionic converters are currently being investigated in conjunction 
with the SPAR space nuclear reactor prograun. In this context, the 
thermionic diodes atre integrated into the high amperature end of heat 
pipes which carry waste heat to the radiator. ' ^ 
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TEC are coaplex devices in that perforaance is affected by device 
size (e.g., massive electrodes have small l^R losses but may be 
prohibitively heavy), electrode spacing, cesium vapor pressure in the 
interelectrode area, as well as the high and low operating temperatures of 
the devices. 

Results of various TEC tests are commonly presented as electrode 

2 

voltage vs. current density (A/cm of esatter area) as a function of the 
above variables which affect performance. Ihese curves are coapaxed 
with the theoretical output, a Boltzmann line intersecting the saturation 
level at the contact potential. Typical curves are shown in Figure 2.21. 
Approximate efficiencies cem be inferred from these curves. Electrode 
efficiencies for converters typical of today's technology are in the range 
of 12%. With an 'optimum' lead the device efficiency would be in the 10% 
range, and incorporation of such converters into a realistic system design 
%rauld result in further losses, reducing efficiency to the 8% range. A 
converter with these efficiencies using current materials technology would 
have an emitter temperature in the 1600 ^ range, a collector tes^rature 
in the 750 range, a power density of 3 to 5 w/cm^, with am output 
voltage approximately 0.5 to 0.7 volts. These nunOsers must be viewed as 
approximate since maximization of efficiency requires a converter designed 
for the specific point of operation, and maximum efficiency does not occur 
at the same operating point as does maximtim power output. 

Performance and efficiency is^rove rapidly with increased emitter 
ten^ratures. Emitter temperatures of 1800 ^ have produced electrode 
efficiencies in the 16% range. Similarly, emitter temperature 
reductions below 1600 ^ quickly result in drastically reduced power 
output . 


TEC has two unique, desirable features for power conversion systems 
applications: 

(1) Demonstrated long life, 46,000-f hours of operation 
without significant degradation in performamce, and 
High heat rejection temperatures which minimize 
radiator weights for space systems. 


( 2 ) 
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A substantial gap appears between the predictions of high efficiency by 
researchers in this field (e.g., 26% theoretical optimized lead efficiency 
vs. the 10 to 13% experimental values) and the results of experiments. 
Clearly, a potential for isproved performance exists, but researchers have 
made slow progress towards these goals, flays to enhance TEC performance 
are suggested in Section 2.2.7. 

BRAYTOH CYCLE TURBINES 

A variety of gas turbine space power systems have been designed and 
tested over the past twenty yeaurs to help identify the potential 
performance for these systems. A typical Brayton power system is shown in 
Figure 2.22.^^^^ The system includes the solar collector, receiver, heat 
source heat exchanger, turbine, conpressor, recuperator, generator, and 
waste heat radiators. Evidently, an economy of scad.e is available for 
power-specific mass, as shown in Figure 2.23.^^^^ The upper limit on module 
size is generailly determined both by the mission as well ais by the power 
units themselves, according to an optimizing criterion such as miniXMim 
weight in orbit or minimum cost for the mission. There is good reamion to 
suggest that the economy of scale reaches a lower limit in the vicinity of 
4 kg/kW^ and does not continue much further downward along the dashed line 
graphed in Figure 2.23. 

Actual gas turbine power systems have been tested for use in space 
only at the lower end of the power scale shown in Figure 2.23; that is, 
from 2 to 15 kW(e).^^^'^^^ At 15 kW(e), a complete Brayton power generation 
system operated at 1600 ^F with power plant efficiencies of 29% (excluding 
concentrator and receiver losses). Long run duration tests of 38,000 hours 
were carried out on this system with exceedingly high reliability. 

Materials tested included TZM for the turbine rotors (64,000 hours at 1600 
to 2000 °F) and ASTAR-811C (250,000 test hours at 1600 to 3000 °F) suitable 
for the turbine casings, ducts, and heat exchangers- . ^ ^ Examples of 
similar rotating units are shown in Figure 2.24. Incorporation of 
separately tested, improved components is expected to raise the power plsmt 
efficiency to 32%.^®®^ 




Figure 2.22. Example of a Solar Brayton Power System (Reference 66). 
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Figure 2 '.24 (a) . Brayton Rotating Unit Cross-Section of Main 
Components. (Reference 68) 



Figure 2.24 (b) . Mini-BRU Cutaway. (Reference 69) 
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Thtt oth«r critical «l«Mnt of thoM units is ths recuperators, which 
must operate at the turbine exhaust tes^rature to help reheat the high 
pressure working fluids. These devices have been built and operated with 
the rotating units described above as a complete system. The recuperators 
have a design effectiveness of 0.90, with pressure losses of 0.09 psi and 
0.05 psi on the turbine outlet (hot) and compressor outlet (cold) sides, 
respectively, using type 347 Stainless Steel. The corresponding gas 
temperatures were: 1110 ^ (turbine inlet) and 420 (eexapressor 

outlet). The design shown in Figure 2.25 is typical of recuperators built 
and tested, and is a multi-pass, cross-counter flow heat exchanger.' ' 
Higher effectiveness (i.e., .95) recuperators have also been tested at 
lower power throughput. 


RANKINE CYCLE TURBINES 

Rankine cycles have also been designed, built, and tested for space 
operation. These have utilized organic working fluids, mercury, and alkali 
metals. The SNAP 8 developsient program conducted by NASA in the mid-1960s 
and early 1970s investigated solar powered mercury Rankine cycles in the 
power range of 35 to 90 These systems operated at pressures of 250 

psia and temperatures of 1250 (950 ^K) for 10,000 hours without 

significant deterioration. A .antalum tube boiler was used to insure 
wetted-wall contact with the mercury. Higher temperature, larger alkali 
metal Rankine power components were also built and tested in conjunction 
with the space nuclear power program.^ ^ These devices tiers driven by 

* 

radioisotope source and, in some cases, by fast fission reactors designed 
for high powers. Potassium was the most common working fluid; rubidiiim and 
cesium were also considered. Peak temperatures of approximately 1600 
(1150 °K) were obtained in these turbines with successful use of refractory 
metals in the blades and stators and corrosion resistant seals, bearings, 
emd heat exchanger materials elsewnere in the system. Astroloy U-700 and 
refractory alloys such as TZM molybdenum have been tested for potassium 
turbine blades, and HA-25 alloy was used for hot stage nozzle varies. The 
alloy T-lll was tested as a principal structural material in flow passages; 
ASTAR-811C is an attractive alternative to T-lll and can be fabricated more 
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ORIGINAL PAGr 

buck and white photograph 



Figure 2.25 (a). Mini-Bray ton Recuperator Core Assembly. 
(Reference 72) 



Figure 2.25 (b) . Mini-Brayton Recuperator Configured for BIPS 
Workhorse Loop. (Reference 72) 
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•Mlly. Th««« ay«t«u «Mr« aiaad at apacaeraft poiiax on tha ordar of 450 
kw^. Haat was to ba transfarrad into tha cycla at 2150 ^ (1450 **K) and to 
ba rajactad at 1200 ^ (920 to ainialsa radiator waig|ht. Tha intarnal 
prassuras rangad froH 163 paia at tha tuzbina inlat to 5.4 paia at tha 
radiator/condanaor. Figura 2.26 shows aawaral au^plaa of tha Rankina 
cycla turbinas tastad undar this progxaa. Approxiaataly t00,000 hours 
collactivaly tfara spant in tasting potassiuB Rankina cycla co^ponants and 
ovar 23,000 hours on casiua copponants. 

2.2.4 Linif to Prasant Tachnoloav 

Tho bast parforaanca charactaristics of currant flight-tastad 
photovoltaic call and radioisotopa tharaoalactric convarsion systaas ara 
suaaarizad in Tabla 2.12 as banchaarks for anargy convarsion tachnologias . 
Through continuad davalopaant of thasa tachnologias, an avolutionary 
incraasa in porforaanca can ba axpactad. Thasa avolutionary laprovaaonts 
ara discussad balow and quantifiad whan data is availabla. Any naw or 
advancad concapts must axcaad ona or mora of tha banchmark charactaristics 
for anargy convartars by a larga amount in ordar to provida a significant 
incraasa in parformanca ovar tha avolutionary inyprovaaants in parformanca. 

Specifically, in axpariaantal silicon flat arrays, a powar-spacific 
mass of about 16 g/W BOL has baan attainad.^^^^ Also, on axpariaantal 
silicon solar colls, afficiancias naar 18% Air Mass 1 (about 16% Air Hass 
0) hava baan raportad . ^ ^ Thaoratical analysas indicate that Air Hass 0 

afficiancias naar 20% might ultimately ba attainable . ^ ^ Whether such high 
efficiency cells can ba prepared with equal or batter radiation resistance 
than currant calls is still an open question. Zn contrast, advancad thin 
silicon solar calls of rather high efficiency hava baan prepared with 
approximately twice tha useful life of tha currant production caJls, naataly 
a power output of 0.66 of tha original power output after irradiation with 
1 MeV electron to a fluance of 3 x 10^* 

Significant work has earlier baan carried out with "p on n" Si tolar 
cells containing Li in tha base region. These calls exhibit annealing of 
radiation damage at normal call operating temperatures. Tha calls. 
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Table 2.12 


Energy Converter System Benchmarks 



n 

Power 

Specific 

Mass 

Photovoltaic Cells 
(Silicon Flat Arrays) 

14.5 « 

15-60 g/W(e) 

Thermoelectric 
(with RTG source) 

6.4 % 

330 g/W(e) 
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how«v«r, also showsd som instability, and thsir advantags ovsr the nornal 
"n on p" Si solar calls in an alactron radiation anvironnant was not 
adequata to warrant further developaant. 

In cognisanca of tha larga affort aountad undar the OOE program 
towards the reduction of tha price of terrestrial solar calls, HA5A has sat 
a goal for tha power-specific price of S30 S/W for silicon flat arrays. It 
appears that this goal applies to tha arrays theaselvas, without deployment 
mechanisms. [Sea Section 2.1 for a discussion of deployable aurrays.] These 
efforts in progress on silicon flat arrays towards mass and price reduction 
with efficiency improvement and further radiation hardening need to be 
maintained in the further NASA and DOD programs since they represent a 
relatively low-cost, low-risk evolutionary aipproach with reasonably defined 
goals . 


More advanced photovoltaic cell concepts, including GaAs cells, 
MIS/SIS cell structures, tandem and vertical multi-junction structures, 
multi-bandgap systems, and other novel photocell concepts are assessed in 
Section 2.2.7. These concepts suggest a variety of ways of iiq^roving on the 
basic flat silicon photovoltaic cell performance by virtue of using 
different materials emd configurations better matched to the solar 
spectriun, able to operate at higher tei^>eratures without serious loss of 
efficiency, and/or relying on focused sunlight. 

Inprovement of the overeQl thermoelectric converter design to reduce 
specific mass and incorporate new heat sources while retatining the basic 
unicouple or thermoelectric element (Figure 2.27) is being studied.^ ' 
Modification of the basic SiGe material to reduce its thermal conductivity 
and thereby increase its efficiency is also underway. This effort is 
emphasizing GaP additions to the basic SiGe material. ^ ^ Both of the above 
result in small increases in performance which are sufficient to meet 
immediate mission requirements . 

In brief, the limits to performance of present thermoelectric 
converter approaches is tied to the peak temperatures obtainable with 
insulating materials now in use aind by the techniques employed for 


C - ^ 
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transferring heat within the tystaa (i.s., tharaal conduction). Thass 
limit the project efficiency of SiGe thermoelectric converters to 
approximately 12% when operated at temperatures up to 1950 (1340 ‘*K); an 

incremental reduction in power-specific mass down to 40 g/W(e) for solar 
powered systems (i.e., no batteries) or 168 g/W(e) with radioisotopes is 
also considered feasible as a result of the systems developswnt occurring 
concurrently . 

Thermionic energy converter (TEC) research has and is presently 
emphasizing electrode materials development or designs which would increase 
the efficiency or performance of the converters . ^ ^ Increased surface area 
associated with grooves or surface roughness formed during fabrication has 
been tried and evaluated. Incorporation of two materials with different 
work functions into the electrode surfaces has also been evaluated^ ^ as 
have additions such as oxygen to form controlled surface oxides. Limited 
improvements in efficiency on the order of a few percent have been achieved 
by these techniques. 

Major gains are theoretically available if 1) a low work function 
collector material could be maintained at a sufficiently low temperature to 
limit back emission frcxn the collector, or 2) electrodes operating 
principally with inert gas plasmas in devices containing a third electrode 

/ PI \ 

were to be developed.^ ' Continuing efforts along these lines have shotm 
limited progress in converting these concepts to practical devices. 

Performance reference values for present technology are set at 10% 
overall efficiency (i.e., including lead and system losses), a power 
density of 4 to 8 W/cm^ with output voltages in much the same ramge (i.e., 
0.5 to 0.7 Volts) as operating devices. An estimate for power-specific 
masses for a space-qualified 200 kw(e) system using thermionic energy 
conversion with 10% efficiency is 40 kg/kw.^®^^ 

It is interesting to note tuat this 10% efficient 200 kWe conversion 
system, a propulsion system, and a 3 tonne payload which can be placed into 
LEO by the shuttle can subsequently reach Saturn or Uranus within a 10 year 
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period. HighAr •£flci*nci*s (•. 9 ., on th« ordnr of 15%) would •naJ>l* 
■iallax misalcn constralnta to b* Mt for axploring Naptun* and bayond. 

Tha limits to Brayton cycla turbina anargy convarsion parfonanca 
dapand on tha gradual axtansion of turbinr blada and haat axchangar 
matarials to highar taaparaturas to i^prov* tha cycla afficiancy and raduca 
radiator waight as wall as an istprovamant tha raliabllity of turbina 
systams. Blada smtallurgy has baan dawaloplng continuously toward highar 
temparatura oparation. Figura 2.28 shows tha craap strangth of a variaty 
of blade matarials in various stages of davalopnant and use. The 
horizontal dashed line indicates an approximate criterion for material 
acceptance for turbine tip speeds of approximately 250 i%/sac (820 ft/sac); 
the height of tha dashed line is proportional to tip spaed squared. Above 
the dashed line, matarials will survive with lass than 1 % craap for more 
than 40,000 hours at tha temperatures and tip spaed indicated. Matarials 
such as Nickel based alloys are in use now for larger turbines. 

Experimental turbines have baan built and tasted for many of the niobium 
(i.a., columbium) alloys, tantalum alloys, and aolybdanum alloys. 

Small ( a . g . , SO klf or lass ) ceramic turbines have also baan constructed 
which encounter the highest cycle temperatures (i.e., 1600 ^ or 2400 
Op ) . ( 83 ) near-term we anticipp.te that blada temperatures of 2200 ®P 

(i.e., 1500 ^ ) could be made available in a fully developed Brayton cycla 
system using tantalum alloys.^ This would permit thermal cycle 
efficiencies on the order of 37%. This assumes a mean radiator tanqparatura 
of 450 ^ and soma tas^ratures on tha order of 1600 An overall power- 

specific mass can be estimated from a recent study of nuclear Brayton- 
powered propulsion systems, giving a value of approximately 14.4 kg/kW(a) 
for a 400 kW^ unit . ^ ) This specific %ireight excludes tha reactor and 

shielding masses, but does include two separate Brayton units, heat 
exchangers, recuperators, and radiator. Each unit is capable of delivering 
the full power; n single unit system would be 7.2 kg/kVT(e) under the same 
assumptions . ^ ) 

The use of multiple units is directly related to the reliability of 
individual power modules . Single units are subject to single point failure 



STRENGTH DENSITY RATIO a/p {lO^ inches) 





2-81 


and, aa such, ara ganarally unaccaptabla . For aodarat* to high powars 
(a.g., 100 hwa to 1,000 Mia), nultipla units aach supplying only a fraction 
of tha total po%iar can ba usad to incraasa tha ovarall aystaa-wida 
raliahility. For axastpla, if tha raliability of aach turbina powar unit is 
95% for tha Bission lifatisM and 100 such units ara usad, than thara would 
ba only ona chanca in 1000 that tha powar output would avar ba lass than 
95% of tha ratad powar of tha systaa, assusd.ng that 10% axcass capacity was 
originally installad . ^ ^ At saallar total systaa powar, this abroach is 
not as attractiva bacausa turbina unit afficiancy falls and powar-specific 
mass risas substantially as the unit size decreases (a.g., sea Figure 
2.23). 


A siailau: analysis naturally applies to tha Rankina cj-cla turbina 
powar systaa. Molybdenua alloy turbines aay achieve 1470 ^ (2200 ^) 
operating teiqperaturaa in potassiua vapor under tha constraints discussed 
above for turbine blade stresses. This constitutes 100 ^ higher 
teaperatures than those where long duration creep tests (i.e., 10,000 
hours) have been conducted/ ^ Higher tesqperatures also are accoaipaniad by 
increased aaterial aigration within the potassiua loop, especially as 
iapurity levels of dissolved aaterials increase over the lifatiaa of the 
mission. The use of CrAl ailloy claddings is being investigated in 
combustion applications as added protection to reduce alkali aetal salts 
attack of stronger substrates in turbine blading . ^ ) A cladding substrate 

approach might also prove feasible for achieving high turbine teiywratures 
in the pure alkali metal vapor environment of a space Rankine cycle. These 
developsMnts should lead to a Rankine cycle efficiency on the order of 19% 
(with a pot#er-specific mass of 5 kg/kW(e) at the 375 kW^ size, excluding 
the radiator), making it strongly competitive with Brayton cycle 
systems. The efficiency in this case, while low con^ared to the Brayton 
cycle, does permit low radiator weight advantages of a high reject heat 
temperature (i.e., 900 °K or 1160 °P). 
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2.2.5 

Energy conversion systMU can be c^vparsd fairly on the basis of 
their power-specific mass, reliability over a fixed period of time (i.e., 
probability that the power level will not drop more than 10 percent below 
rated power capacity during the mission lifetism), and cost per kW(e), if 
available. The preceding section has discussed the limits to the 
performance which can be expected from an evolutionary development of 
present energy conversion technology. The benchoiarks of Table 2.12 
indicate the best systems which have been flight tested. The current 
photovoltaic cell technology has demonstrated approximately 25 kwe with 
certainty. The reliability for a 10 year mission may be obtained from the 
photovoltaic cells as well as the thermoelectric units (e.g., those used in 
the Voyager series where nearly 85% of peak power is still available after 
7 years). Henceforth, these select figjres will serve eis benchmarks to 
judge disparate, advanced, or new energy conversion technologies. Overall 
system efficiency also is relevant in special circumstances where the 
absolute sise of the colleccor and/or radiator associated with the 
conversion system becomes a hindramce; for example, in orbital transfer 
propulsion applications where atmospheric drag is significant or in 
situations where scaling to larger sizes entails an increase in power- 
specific mass of the radiator or collector per sa . 

2.2.5 Applicability to Generic Misaions 

Generally, thermal energy conversion systems can be used for any 
mission since either solar or nucleau: energy may be utilized. Photovoltaic 
energy conversion, restricted to the use of solar energy, will be 
applicable to the missions with an adequate solar source, as indicated in 
Table 2.7 of Section 2.1. 

2.2.7 Advanced Conversi on Technology Assesament 

A great variety of advanced conversion concepts have been proposed 
which promise improvements over present conversion technologies. Some of 
these appear to be prosaic extensions of current development with rather 
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nodcat Incraaaaa in parforwanca. othar concapta ara atlll juat idaaa with 
vary littla concreta data for avaluatlng thair claina. Thara ara an 
Intaraating nunbar of noval achaoMa proad.aing aignificant parfomanca 
ia^rovaaant and having aufficiant data to back up thaaa projactiona. Thia 
laat claaa of advanced convaraion concapta ancoinpaaaaa naw idaaa in both 
photovoltaic and thamal anargy convaraion araaa. Tha worm advanced, noval 
concapta ara also reviewed and data needs, if any, ara noted. 

2. 2. 7.1 Advanced Photovoltaic Conversion 

Advanced development in photovoltaic conversion encon^asaes the use 
of compound semiconductors such as GaAs, hetero junction devices, multi- 
bandgap cells, MIS/SIS cells, and tandem junction as %rell as multi- junction 
cell structures. Other photon-assisted conversion concepts (e.g., photon- 
assisted electrolysis) are assessed in Section 2. 2. 7. 3 under Novel 
Concepts . 

The mad.n thrusts of advanced photovoltaic cell davelopoiant are to 
improve call performance, enhance radiation resistance, select better 
methods of support and encapsulation, realize the potential of higher solar 
concentration ratio effects, derive higher voltages, and achieve in gj<;u 
annealing. These concepts, atlong with structural and other material 
improvements, aim at increasing cell life and reducing power-specific 
mass. 


GaAS SOLAR CELLS 

A flat array currently under development is based on Gallium 
Arsenide (GaAs) solar cells. The more successful of these cells are of the 
GaAljjASj^_^GaAs wide bandgap window layer structure. The effort is 
primarily directed at developing cells of lower mass ( thin film devices ) 
and possibl/ greater operating life (that is, of higher radiation 
resistance) than is obtainad>le in silicon solau: cells. The solar cell 
efficiency will be comparable to or possibly slightly higher than that 
obtainekble in silicon solar cells. In elevated temperature operation the 
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G«As solar colls oxhiblt a significant officioncy advantago ovor tho Si 
colls. 

Efficioncios of 15 to 17% Air Mass 0 havo boon roportod^ ^ for 
singlo crystal GaAs colls of rolativoly largo thicknoss and, consoquontly, 
high mass (tho donsity of GaAs is about 2.5 tiaos highor than that of Si), 
and tost groups of such colls havo boon succossfully flovn on spacocraft. 
Tho oporating life advantago of those devices is, ho«rovor, still in 
question. 

There has been some evidence that annealing of radiation damage may 
occur in single crystal GaAs cells at temperatures near ISO °C. It may 
thus be possible to experience no significamt performance degradation by 
high ten^rature operation of these cells. The evidence for this is, 
however, not yet complete. 

True thin film, polycrystalline GaAs solar cells have now boon 
reported with efficiencies near 10%.^®®^ A goal for the power-specific mass 
for tho GaAs colls is 10 to 40 g/W, and tho power-specific price is 
elected to fall into tho 300 to 1500 5/W range. Those estimates are 
summarized in Table 2.13. 

Because of the performance advantages of tho GaAs cells under high 
temperature operation, these cells are thought to be better suited for use 
with optical concentrators. Hero a power-specific mass of 5 g/W is 
projected for the con^lete con ~entrator/ array system. Since the efficiency 
of properly designed solar cells increases with light intensity, a solar 
coll efficiency of 18% under operating conditions with optical 
concentration is expected to be achieved on such systems. However, there 
exists very little experience with the deployment and performance of 
optical concentrators in space, so that most of these data are 
projections. While waste heat rejection in space is a problem at higher 
irradiance, it is thought advantageous rather than to use one or a few 
large-area concentrators with the corresponding photovoltaic converters, to 
break the system up into a large number of small-area concentrators with 
very small photovoltaic converters, possibly not much larger than a common 
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Table 2.13 

Technology Basis for GaAs Photovoltaic Arrays 




Experimental 

Experimental 



GaAs 

GaAs 

Item Assessed 

Units 

Flat Array 

Concontr. Array 

Power -Specific Mass 

g/W 

10-40 

5 

Power-Specific Price 

$/W 

300-1500 

- 


Experience Base 
(total flown) 


kWe 


Test groups 
only 


Array Efficiency % 


-14 


Solar Cell Efficiency 


% 


15-17 


18 
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int« 9 rat«d circuit chip. Thla approach might poaaibly alao bring coat 
advantagaa for tha concantrator fabrication. 

MIS/SZS SOZAR CXZJ^S STRUCTURES 

Davalopmant af forts ara in prograss, particularly in tha tarraatrial 
program, to raplaca tha eonawnly u«ad potantial barrlar, a pn- junction, by 
ona raaulting from a MIS or SZS structura. Iha davalopamnt of thasa calls 
has baan pursuad primarily undar tha vlaiifpoint of potantial lomar'-cost 
procaasing comparad to pn-junctlon formation, but this pramisa is balng 
incraasingly quaationad. In a faw casas afficiancias coaparahla to thosa 
obtainad in pn-junctlon davlcas hava baan achiavad . ^ ^ Rowavar, tha 
atructura contains an insulator of 20 to 50 Angstrom thiclcnass which is 
sansitiva to anvironmantal Influancas. Whila this might causa dagradatlon 
in tha pra-launch anvironmant, tha chargad-oxida layars hava also baan 
found to ba axtramaly vulnarabla in tha spaca radiation anvironsMnt. 

Zn addition, tha highar afficiancy MIS or SIS solar calls ara now 
undarstood to oparata as minority carrlar daricas, jtist as tha pn- junction 
solar calls. Thus, thay ara also subjact to radiation damaga by minority 
carrlar lifatima raductlon, basidas tha charga buildup in tha Insulator 
layer. Also, tha insulator layer and tha spaca charga region balow it ara 
even closar to tha device surface than tha depletion region of a pn- 
j unction call, so that low energy protons could have a large affect. 

Without a recognised afficiancy advantage and with tha potantial 
reliability and radiation damaga problems, tha MIS/SZS solar calls do not 
seem to hold snich proadisa for an advanced photovoltaic spaca power system 
at this lima. 

TANDEM AND VERTICAL MULTI-JUNCTION STRUCTURES 

In tha conventional solar call structures, a single potantial 
barrier - usually a pn- junction or, as in recant davalopmantal calls, an 
MIS or SIS barrier structura - is located in a layer parallel to the light 
exposed surface, usually at a vary small distance from tha latter. 

Recently, exparimantation with so-called tandem junction calls has baan 



2-97 


carrlad out in Which a aaoond potential barrier, or pn-junction, is placed 
nearer to the back, Ohmic contact of the device. So far efficienciee near 
thoee obtained for single junction devices have been achieved in these 
cells. 

Zn vertical mlti- junction (VNJ) cells the potential barriers are 
placed normal to the light eiqposed surface instead of the usual parallel 
placement. They have been eiqperimented with primarily In silicon. A 
number of variations are possible for the VKJ cell. They include cells in 
which the junctions reach all the way through the thickness of the cell. 

Zn others they reach only part way from either the front or the back 
surface into the cell, nie latter axrangeswnts require, by necessity, a 
parallel connection of the multiple p and n regions. The advantage of VKJ 
cells lien primarily in the potential attainment of a higher radiation 
resistance. However, this increased radiation resistance can be achieved 
only if the individual p and n regions are made very thin ccmqpared to a 
diffusion length. This requires a structure of very thin individual 
layers, which are difficult to reproduce with current process technology. 
This type of structure has been better approximated in the parallel 
junction VHJ cells than in the series junction VKJ cells. Consequently, 
the improved radiation resistance has so far been observed only in the 
former. 


On the other hand, a series connection of the individual cells %dtlch 
are represented by each p and n region pair, including a pn- junction, leads 
to a cell which produces a low current and a high voltage. At the sasM 
time, the structure is so arranged that the series resistance is naturally 
small. For both reasons, a cell with high voltage and low current lends 
itself especially well for use with high concentration ratio optical 
concentrators. It should be noted, however, that such a cell is much more 
sensitive to variations in irradiance over its light eiq>osed surface than a 
single, parallel junction cell would be. 





Pro« th*or«tioal conaidaratloM. •ignificut •fflolanop advantagas 
for aithar tandaa junction or VMJ calls cannot ba axpactad ovar 
convantlonal parallal junction calls of coi^;>arabla aatarial, structura, and 
opt Inal dasign. Howavar, tha VKJ approach doas hava tha advantagas of 
coatblnlng high afflclancy with Incraasad radiation raslstanca and, in tha 
sarlas connactad varslon, coupling with low sarias raslstanca and hlghar 
voltagas, aaklng It attract Iwa for high ratio optical concantrator 
applications. 

OTHER SOLAR CELLS 

Tha only othar typa of solar call %diich has baan tast flown on 
spacacraft Is tha coppar-sulflda/cadnius-sulflda (Cu 2 S/CdS) thin flln solar 
call. Bi-causa of its ralatlvaly low afflclancy (.1 to 7%) and stability 
problans, this call has not baan consldarad as a viabla candldata fox 
photovoltaic spaca powar systans for ovar tan yaars. Howavar, a variation 
of this dasign, using Cu 2 ZnSa on CdS, has racantly bean shown to achlava 
batter afflclancy and stability. 

Mhlla nunarous sanlconductlng natarials of propartlas suitable for 
photovoltaic solar energy conversion exist, none of these ■atarlals la 
knoim to have attributes which could make it significantly sore favorable 
by Itself for spacacraft powar systans than tha natarials developed so far/ 
that Is, silicon and galllun arsenide. Tharafora, It doas not seen 
warranted, at least at this tins, to expand tha considerable research and 
davolopnant effort necessary to bring tha technology of na«/ar natarials to 
a state conparabla tc that already achieved for silicon and galllun 
arsenide. Zn general. It cannot ba expected that efflcianclas 
significantly above 20% Air Mass 0, without optical concentration, can be 
achieved with any single semiconducting smterlal.^ ^ 

With optical concentration the conversion efficiency of the solar 
cells themselves may reach into the mid 20% range, but It has to ba 
observed that the optical concentrator also will have a listited efficiency, 
which aiay make the complete power system not significantly smaller than a 
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flat array. It is, hoiMTar, concaivabla that its aass sight bs lowar 
(«.g., 5 g/W) as well as its price. 

NDLTX-BAMDGaP SYSTEMS 

The only way conceived so far for attaining significantly higher 
efficiencies is by the use of several nesi conducting materials with 
different bandgaps. Two aj^roaches to this end are being pursued. The 
first involves external optical beam splitting using dichroic el«aents 
which direct separate spectral bands of the totaU. solar spectrum to 
individual solar cells prepared from semiconductors with different bandgaps 
which aure matched to the paurticular optical, spec raU. band / ^ The second 

approach utilizes the optical properties of the sesuconductors of different 
bauidgaps for the beam splitting. Here the cells aure mounted behind each 
other in the optical path of the sunlight so that each can respond to its 
most favorable wavelength range, ^e latter approach goes under the naune 
of "stacbed cells," "tandem cells," "caiscade cells," "multicolor cell 
system, " etc . ^ ) In such stacks the cell with the widest bamdgap faces 

the incident radiation, while the cells with successively sstaller bauidgaps 
are mounted in sequence behind. For systems with adequately laurge numbers 
of such cells of different bandgap, theoretical conversion efficiencies 
above 50% have been computed, while practical efficiencies in the 30 to 40% 
range may be expected. 

'Rie problem with these multi-bandgap systesw is that each 
semiconductor material with a paurticulau: bandgap has to have its own 
potential barrier (usually a pn- junction) and has to be connected iro the 
r.'*ighboring cells by a transition layer which esdiibits the properties of an 
Ohmic contact. At the same time, the transition layer should be optically 
nearly perfectly transparent to all wavelengths not absorbed in the 
preceding cells in the stack. This means that practically the entire cell 
interface area shall be transparent, with negligible absorption on 
reflectance. This requirement eliminates the more conventional cell 
connection with metallic Ohmic contacts, except possibly if applied in a 
grid pattern. New approaches have consequently been pursued, such ais using 
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a hMvily dopad layar of althar or both of tha t%N> dlffarant aatarials for 
tha transition layar and making this layar adaguataly thin to parmlt 
tunnallng of tha charga carrlars through tha rasultlng potantlal barriar. 
Such transition layars ara known undar tha nasM "tunnal junotlons."^^^'^^^ 
A sacond approach is to usa tha nawly davalopad "supar lattlcas" for tha 
transition layar. Such a supar lattlca consists of a pariodlc struccura 
of altarnating layars of dlffarant bandgap or dlffarant impurity contant. 

So far, in Air Mass i sunlight, efflolanclas of approxlmataly 28% 

have been attained with multl-bandgap systems using optical beam splitting 

by dichroic elements, ^ ^ and approximately 16% with stacked call systems 

/ \ 

using tunnel junctions . ^ ' The davalopeiant of these systems is actively 

pursued by tha Air Force and tha terrestrial photovoltaics program of DOE. 
While the optical beam splitting systems can be readily attained with 
currant technology, successful davalo|»ant of the stacked call system will 
require a substantial effort. 

The optical beam splitting systems are mechanically more cumbarsone 
to isfplamant, while tha stacked call systma u—mm to provide a s»ra elegant 
approach. Either system is expected to be, at least initially, relatively 
expensive. It will, therefore, appeaur to be more attractive in use with 
optical concentrating systems, particularly those of high concentration 
ratio. In addition, the efficiency of tha multi-bandgap systasis is 
expected to increase significantly with higher solar irradlanca so that tha 
use with concentrators appears advantageous also fr<XB tha performance 
viewpoint. By combination with concentrators, multi-bandgap systems are 
already practical with two or three junctions. Tha availability of high 
efficiency photovoltaic converters will make the application of 
concentrator systems much more attractive since the optical collecting 
area, viz. the concentrator size, needed for tha satisfaction of a given 
load can be significantly decreased by use of high efficiency converters. 
This decreased collector area makes the use of relatively costly high ratio 
concentrators much more attractive than their application with photovoltaic 
conv»»rtor3 of a single semiconductor. On the other hand, it is concei’’able 
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that tha atackad call ayotaaa might ultimataly ba producad chaaply anough 
to maka than also attractlva for flat arrays. 

A disadvantaga of tha multi-bandgap systam is that changas in 
oparating conditions (spactral distribution, light intansity, oparating 
tamparatura, parfomanca dagradation) can causa a smssatch batwan tha 
individual calls of tha systM and, consaquantly, an afficiancy loss should 
the cells be connected in series. It say, therefore, ba advisable to 
connect each cell of the system to its own load circuit (power conditioning 
system); hoirever, this would entail additional system cos^lexity, cost, and 
probably nass. 

In summary, the photovoltaic conversion concept promising the 
greatest performance advancement is the multi-bandgap system in the stacked 
cell version or, alternately, with external optical beam splitting. The 
multi-bandgap systems may be instrximental to making optical concentration 
practical in space, liess anOsitious, but nevertheless is^portant, 
development concepts involve ii^>roved radiation resistance ( including 
annealing techniques), better encapsulation Where electrostatic bonding is 
being developed as an alternative to the consDon adhesive bonding 
techniques, the development of high concentration ratio. and of higher 
operating temperature solar cells (e.g., GaAs), and improvement of single 
and vertical multi-junction cells for better efficiency, particularly 
through higher voltage. Most of these concepts are aU.ready being pursued 
to some degree within NASA or OOD and through the DOE program. However, 
there is a need for considerable further development effort in each of 
these areas to help achieve the desired performance improvements. 

There is a real need for a careful study of the relative advantages 
of photovoltaic concentrator systems versus flat photovoltaic arrays. Each 
of these has been evaluated in its own right, but there is not sufficient 
data on comparable performance conditions to allow a clear selection of the 
best approach. Also, many approaches have been tried in the past which 
have not been very successful to date, for example, in increasing radiation 
resistance; but the problems are still there, and it is important to 
continue to seek solutions for them. 
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2. 2. 7. 2 ■niarmal Wnmrav Conif raion Cnncapf 

Advancad tharmal convarslon concapts hava baan auggastad in tha 
araaa ot thazaoalactxics, thaxaionics, and thaxaal dynaMic convartars. 
niaaa concapts span Idaaa which haaa a long history and which My ba 
fruitful now bacausa of naw Mtarials or tha usa of naw configurations as 
wall as ralativaly naw idaas for which virtually no data axist for thair 
avaluation. Advancad tharmal convarsion concapts ganarally of far tha 
potantial for highar afficiancy than photovoltaic convartars with tha 
associated problems of greater coi^p laxity. Tha greatest uncertainty 
concerns tha overall power-specific mass associated with tha whole system, 
including heat source (or collector) and waste heat radiator. Within tha 
limits of material strength, power-specific mass will ba reduced by devices 
which operate at tha highest tasiparaturas possible in ordar to reduce tha 
waste heat radiator mass. Advanced radiator concapts are presented in 
Section 2.4. Novel concepts involving thermal and direct photon energy 
conversion are treated in tha next section (2.2.T.3). 

ADVANCZD THERMOELECTRIC CONVERTERS 
New Materials 

Development and dasK>nstration of a new thermoelectric system 
typically requires 10 years of research effort. In some cases, such as the 
selenide system, problems become apparent only after long-term testing in 
the system configuration. These problems can be related to Mterial 
evaporation, interdiffusion, creep deformation, diffusion caused by current 
flow, or a wide spectrum of other problems. Thus, research is needed as a 
continuing effort on new or promising systems to document not only short- 
term performance but long-term degradation mechanisms. 

As discussed above, thermoelectric conversion at higher temperatures 
has the advantage of reducing power system mass (e.g., radiator mass). As 
temperatures are increased, electrical insulation problems must either (1) 
be avoided by using radiation heat transfer from the heat source to the hot 
side of the converter, or {2) addressed by an insulator development 
program. Existing data indicate that electrolysis is a major mechanism for 
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Inaulator datarloratlon in th« ••>1000 raAga. furtharaora, thara it a 
•pacific naad fox highar tanparatuxa thaxaoalactric aatarials thaaaalvas. 
High tapparatura aatariala including tha chroaa-lanthanuah^halcoganida 
ayataa (CXjSa^, La^Sa^, and tha Si-C ayataa,^^®^^ tha B-H 

•yataa, and othara axa cxirrantly baing aaaluatad. Littla data ia availabla 
on thaaa ayatana at praaant. Bowavar, it ia undaratood that thaaa 
aatariala ganarally dagrada aora rapidly via tha aachaniaaM citad abova am 
tha taaparaturaa incraaaa. Thay alao auffar froa loaa of atructural 
intagrity if thay ara aubjact to tharaal cycling undar load (i.a., 
c^^mpresaiva straaaaa); for axaapla, if tha haat aourca ia aolar anaxgy. 

Tha payoff in terma of powar-apacific aaaa ia diractly ralatad to 
highar oparating taaparaturaa. For axaapla, incraaaing tha oparating 
tenyparatura froa 1000 ^ (SiOa alloya) to 1300 ^ (a.g., rara aarth 
chalcoganidaa ) can raduca tha radiator waight by a factor of fiva, aaauaing 
a conatant taaparatura diffaranca of 570 ^ batwaan hot and cold junctiona; 
that ia, tha radiator tepparatura %rould ba incraaaad froa 430 ^ to 730 
®K. 

AlXali Matal Tharaoalactric Convertar 

This ia a ralativaly naw diract convarsion concapt^^^^^ in tdiich an 
alkali matal (sodium) is drivan around a closad thamodynamic cycla batwaan 
two haat rasarvoirs at diffarant tamparaturas and prassuras (i.a., 1 atm 
and 10~^ atm) as shown in Pigura 2.29. This davica doas not roly on tha 
Saaback off act. Rathar, tha principal stop in tha cycla consists of tha 
saparation of sodium into positive ions and aloctrons by moans of a bata- 
alumina solid ionic conductor to produce alactrical work. Bata-alumina 
belongs to the class of materials known as solid electrolytes or fast ion 
conductors. These materials have ionic conductivities much larger than 
their electronic conductivities and can thus act as parmsalactiva barriers 
in electrochemical devices. At a tamparatura of 800 ^C, for axaatple, bata- 
alumina 's ionic conductivity is 0.63 ohm“^cm“^, while its electronic 
conductivity is only 0.0023 ohm~^cro~^. A porous matal electrode covers the 
low pressure, cold side of the beta-alumina barrier. Electrical leads 
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HEAT INPUT 



heat output 


Figure 2 . 29 . Alkali Metal Thermoelectric Converter 
Schematic (Reference 103 ) . 
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aaJcing contact with tha poroua alactroda and tha high tavparatura liquid 
sodium exit through tha wall of tha device. Nearly all of tha tas^ratura 
drop ( i . a . , 500 ^ ) across tha ANTEC occurs in tha low pressure vapor space 
between tha porous electrode and tha outer wall. A return line and an 
electromagnetic puap circulate tha sodium working fluid through tha MtTEC. 

At tha beginning of tha cycle, cold sodium from tha condenser enters 
the hot zone (Figure 2.29) and absorbs thermal energy until it reaches T 2 > 
The temperature enhanced pressure differential across the beta-alumina 
forces Na'*' ions across the ionic conductor, stripping the electrons off in 
the hot liquid sodium phase, and recombining them with the ions at a lower 
potential in the porous electrode on the cold side by connecting the two 
sides of the beta-alumina with an external load-bearing circuit. Thus, a 
voltage potential gradient is established in the beta-alumina which is 
given ideally by 



where T 2 is the heat source tei^rature, P is a Faraday, and and P 2 are 
high and low pressures creating the pressure gradient. This voltage can 
produce work in the external circuit. 

As current flow increases, the voltage decreases (Figure 2.30) due 
to tvr> effects: 1) An IR drop occurs across the ionic resistance of the 

solid electrolyte, and 2) the pressure at the electrode/electrolyte 
interface increases so as to drive sodium vapor through the electrode and 
across the vapor space. The voltages obtained from the ANIEC are 
comparable to those from single battery cells ( e . g . , 1 to 1 . 5 volts ) . 

The efficiency of the 7VMTEC under realistic conditions must take 
into account the thermodynamic efficiency plus the effect of parasitic heat 
losses from the high temperature to low temperature regions. These heat 
losses consist of heat conduction through the structure and electrical 
leads, and the thermal radiation (infrared) from the high temperature 
electrode surface to the low temperature condenser. For an estimate of 
upper limit efficiency, it can be sho»m that: 
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ESTIAAATED EFFICIENCY 
LESS RADIATION, 
CONDUCTION & IfAD 
RESISTIVE LOSSES 

ESTIMATED EFRCIENCY 
LESS RADIATION LOSS 


EXPERIMENTAL EFRCIENCY 
INCLUDING CONDUCTION 
AND RADIATION LOSSES 


0.1 0.2 . 0.3 

POWER - W/CM^ 


Figure 2.30. Efficiency versus Power Density for the Alkali 
Metal Thermoelectric Converter (Reference 103) . 
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max 


50%“ 0.9 


n 


Carnot 


Figure 2.30 shows the actual swasursd sfficlsnciss for an sj^risMntal 
AM!FEC. Also prassntsd are calculated efficiencies based on the reduction 
of parasitic losses, thus showing the potential for i^provesMnt in future 
AMTBC design and operating characteristics. With high tesiperature series 
connection and optindzed radiation shielding, the efficiency of the MinBC 
should rise to the 20% ” 40% range. 

Based upon the present level of esqperience and understanding of 
AMTEC operation, a small AlfTEC power module using a radioisotope heat 
source (Pu^^^02 fuel) with a maximum surface tesyperature of ilOO and a 
reject tenv>erature of 300 would have an efficiency of 25%. The specific 
power of the projected ANIEC conversion system is 21.5 W(e)/kg for a 1000 
watt output. The present projections for the lifetime characteriftlcs of 
such an AKTEC system indicate that, after approximately 10,000 hours, the 
output power %#ould be reduced by 50% or the specific po*fsr would decrease 
to approximately 11 W(e)/kg. However, it is anticipated that these 
lifecycle characteristics can be in^roved substantially with further 
research and development. The AMTEC could also be integrated with a solar 
concentrator heat source. 


other Thamoeleetrie Converters 

A variety of unusual direct conversion heat engines have been 
proposed which rely on cyclic thermal processes which induce voltage 
potentials via hysterisis effects, for example, in ferroelectric 
materials . ^ ^ Typically, these concepts are limited to modest temperature 
( i . e . , room temperature to 200 ^C ) and small temperature differences . A 
very limited amount of experimental data is available at this time, which 
makes their use for space povrer systems difficult to evaluate. They do 
show promise for high power per unit volume. Current research in this area 
is being supported by the Department of Energy. New higher temperature 
versions of this concept would be required before it shows any significant 
promise for advanced energy conversion. 
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Thttmog&lvanlc calla, slnllar in nany raspact* to th« AMTEC davlca, 
hav« also bacn proposed. Thsss calls develop a voltage between two 
electrodes as the result of the transfer of a liquid between the two 
electrodes which is brought about by electrochemical reactions at the 
electrode/electrolyte interface and ionic transport in the 
electrolyte . ^ ^ The higher tenqperature versions of this concept have used 
molten salts and solid electrolytes. The reactions are driven by applying 
heat to a hot electrode and removing heat frosi the colder electrode. 
Generally, these have not been as successful as the sodiu^/beta-aluaina 
cell. 

ADVANCED THERMIONIC ENERGY CONVERTERS (TEC) 

Areas where modest performance gains are available and where 
production of a practical device appears feasible are combined TEC- 
thermoelectric (TE) converters and the particle converter. The combined 
TEC/TE utilizes a thermoelectric material as the electrical leads, which 
are the series connectors between the hot thermionic emitter of one 
converter and the cooler colleetor of the next converter in the series 

string. The tesperature differential is capable of producing sufficient 

2 

power in the T/E siaterial to offset the I R power loss produced by the 
current flow. One would expect an Increase in efficiency to 19% from this 
approach . 

The particle converter shown in Figure 2.31 requires low worX 

function particles (e.g., porous metal oxides) with low thermal 

conductivity to replace cesium in the interelectrode gap.^^^^) These 

devices cam be vietred as thermoelectric devices with a laurge SeebecX 

2 

coefficient and a high figure of sierit. Output po%#ers of 60 nOf/cm appear 
feasible when operated at emitter temperatures of 1370 Evaporation of 

the particulate filler still appears to be a problem. The peaX 
efficiencies anticipated for this type of converter are 20%; current 
devices appear capable of achieving 12 to lb% in a laboratory environment . 

The slow, but steady, progress of TEC technology has resulted in 
long life devices with usable output, usable efficiency, and the adveuitage 
of high heat rejection temperatures for space power conversion if the high 
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tmmpmxMtuv supporting tochnology can bo dovolopod. Both T/S and TBC 
ayatoma nood high toa^raturo boat aourcoa and high toa^raturo 
Inaulatora. For axaaiplo, alllcon carbldo and conMt oloctrodoa mado of 
ZZO 2 and Mo, wtilch aro bolng dovolopod for coad>uatlon flrod ayatoaw, say 
alao votk. wall In apaco powor ayatosa . ^ ^ Ihoao aatorlal roqulraaonta 
aro Boro sovoro for TEC than for R bocauao of tho hlghor oporatlng 
tomporaturos for TEC. 

Concopta havo boon proponod to olladnato tho high tonporaturo 
insulator by utilizing tho eloctrlcal resistivity of long host plpos 
supplying heat to the conversion units. Approaches of this typo reduce 
design flexibility aoaowhat, require operation of the system at a maximum 
of 5 to 10 volts to maintain acceptable parasitic losses, and have yet to 
be demonstrated as operating hardware. Desonstratlon of the uninsulated 
system as a parallel effort to research on insulated systems appears 
merited if it can be sho«m there are distinctive power-specific mass 
advantages to this approach. 

Heat pipes of moderate length which can be bent are needed on the 
hot side of both TEC and thermoelectric systems to couple converters to 
proposed nuclear heat sources. Sisdlarly, heat pipes of unusual geometry 
are needed to reject heat to a radiator. 

The above research needs are in addition to 'he ongoing research 
program to develop low work function collectors and low cesium pressure 
diodes or triodes. Demonstration of lifetime as %rell as performance of TEC 
devices is required to provide credibility to continued research in this 
area. Evaluation of combined TEC/TE devices and the particle converter 
concept also appear merited. 

HIGH TEMPEHATURE EXPANDERS 

To take full advantage of the potential of thermal dynauaic systems 
(e.g., Brayton and Rankine cycles), expanders need to be developed vrhich 
can withstand higher peak temperatures. This development can proceed along 
two fronts. Tlie first approach is high temperature materials development 
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for 9M tuxblMS, ftnd tho socond is tho dovolopaont of nonrol high 
tMi^rAtur* oicpandor eoncopta %«hlCh do not roquir* aubat antially naw 
matariala. Tho lattar category includaa MOD ganaratora, fraa piaton 
axpandara, and anargy axchan^ra, aach of which bypaaa tha critical 
problaaa of high tip apaad atraaaaa coaibinad with high taaparaturaa that 
plagua gaa turbine devalopaMnt. Furtharanra, thaaa nowal axpandara apan 
tha range of power acaling froa aadiuai power (fraa piaton axpandara 
aadiuB to high power (anargy exchanger), to wary high power (lOD 
ganaratora). Within thla power range there ia conaidarabla owarlap in tha 
applicability of thaaa three concapta. It ia important to note alao that 
aach of thaaa idaaa offara aubatantial payoff without aubatantial rlak in 
davalopoMnt baaed on tha axiating technology baaa. Tha conaaquanca of thia 
fact plua currant aupport for thaaa tachnologiaa outaida of NASA ia that 
high taaparatura thanaal power ayataaw have a choice of axpandara; tha aoat 
crucial problaaa are, therefore, how to generate tha high taaparaturaa and 
how to radiate the waate heat effectively. 

ADVANCED GAS TURBINE DEVEX/MMEMT 

New turbine blade aateriala are being inveatigatad %diich have tha 
potential for higher taaparatura operation. Thaaa are principally caraadca 
being developed in conjunction with tha autoeotive gas turbine program and 
high taaparatura refractory alloya being developed for military gaa 
turbinaa and for high taaparatura, coetbinad cycle power plant operation. 
S<Mee ceramic-coated metal, blade coabinationa are alao under development. 

Much of thia development must also deal with corrosion and erosion 
as well as high tes^ratures, since the applications involve cMbustion 
gases with excess air, corrosive coabustion products, and, in some cases, 
particulates. Generally, closed cycle operation - such as the space power 
application - is a less deaandlng aaterials environment. Materials which 
are resilient at high teaperatures but which oxidize readily aay have been 
disregarded in the current development program. Such materials would 
possibly be suitable for the space applicaMon, and they need to be re- 
examined in this light . 
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Th« ccramica und«r study Includs silicon caxbids snd silicon 
nit rids. Those sro aoant to bo used os uncoolod rotor blodos, often with 
on intogrol corosdc disk to %diich the blodos ore ottoefhod, ond, soswtioos 
in lorgor dowicos, ottochod to o ostol disk, corouic cootings now being 
studied include ZrOj stabilised with TjOj sproyed onto o NCrAlT (idiere MHfi 
or Ni/co) substrote which covers the refroetory mtol blode (e.g., DdisMt- 
500).^^^^^ These costings perfonwd well in cleon fuels ot 2000 
Aluainide coatings worked ot tei^rotures up to 2100 Cerasdc blode 

ottochMnt to netol rotors hos been otteepted. For example » the blode con 
be dovetailed to on interaiediote superolloy piece which in turn is attached 
to a metal disk.^^^^^ In this design o compliant surface minimises the 
stresses tdiere the ceramic blade is attached. Hot pressed, fully dense 
SijN^ was used for this design, which operates at 2500 ^ inlet 
temperature, 2275 ^ blade temperature, and approximately 4850 rpm in the 
30 Mir power level. Surface flows related to the smoothness of the surface 
finish, especially on the blade root, had a strong predictable correlatior 
with spin test failures. Sialons (coaipounds of silicon, aluminum, oxygen, 
and nitrogen) nay also prove to be suitable for high temperature turbine 
applications . 

Figure 2.32 sho%#s the 1% creep stress at 40,000 hours (horlsontal 
line ) for a variety of turbine materials as a function of blade 
temperature. The ceramics, as discussed above, have the potential for 
extending peak turbine blade temperatures from the benchmark value of 1500 
up to 1520 ihe cobalt and nickel based metal alloys have already 

been surpassed by the tantalum and molybdenum alloys which, in turn, have 
set the benchmark value. 

We conclude that Brayton cycle temperatures may be increased from 
1600 (2400 °F) to 1650 (2500 ®F) by using ceramic blades and either a 

ceramic (integr'l) rotor disk in small units or a metal (or two metal) disk 
for large units. This results in efficiency increases from the benchmark 
(37%) to 38%, a relatively small increrent in performance and a possible 
reduction of only 12 % in the radiator weight. 
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Figure 2.32. 


Gas Turbine Blade Materials. Strength-density ratio 
(a/p) plotted against temperature for various materials 
Dashed line (*) at 80 x 10^ inches represents a typical 
0/D requirement for long life in axial-flow turbine. 
Si 3 N 4 and SiC have temperature Ivantage of 800 to 900° 
over the best nickel-based alloys. 
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FREE PISTON EXPANDER 

Free piston expanders are of interest for space power systens 
because of their potential ability to operate at substantially higher 
coolant temperatures than turbines can. 

The free piston ei^>ander (Figure 2.33) would be driven by an 
expanding high temperature, high pressure coolant (e.g., argon or cesium 
vapor). The energy of expansion would then be directly converted to 
electricity in an externail coil by flux displacement caused by the moving 
high conductivity piston. The piston would not contract the wall of the 
expansion chamber but would be magnetically or gasdynamically suspended. 

The power cycle would be equivalent to a conventional closed Brayton 
cycle with a turbo-compressor, except that the turbine would be replaced by 
the reciprocating piston. Two power st-okes would be delivered for each 
cycle of the piston, with flow controlled by appropriate valving. The 
expanded gas would be pushed from the chamber on the return stroke into the 
flow line for delivery to the conpressor. A rotary turbo-c<xnpressor is 
indicated in Figure 2.33; it is the sisplest and lightest compressor, and 
the blade temperatures are compatible with present state-of-the-art 
materials. A separate reciprocating piston conpressor could be used, or 
compression could even be carried out on the return stroke of the 
expander. System weight and efficiency considerations appear to rule 
against such systems, however. Separate compressor/expander devices also 
are readily compatible with heat recuperation, which increases cycle 
efficiency. 

The piston would be made of a refractory metal (e.g.. Mo) and would 
operate at a temperature about halfway between the inlet and outlet gas 
temperatures. Assuming 3000 ^ for the inlet and 1500 ^ for the outlet, 
the average piston temperature would then be 2250 °K. Nolbydenum pistons 
appear satisfactory under these conditions. 

For efficient power generation the magnetic Reynolds nximber of the 
piston (R^ - ii^Va) should be >> 1. For typical velocities of '100 m/sec and 
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Figure 2.33. Free Piston Expander. 
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piston disMtsrs of 0.3 astor/ for a aolybdonua piston is on ths ordsr 
of 10, tdiich appsars adsquats for efficisnt powar generation. 

Illustrative performance parasieters are sho«m in Table 2.14 for an 
inert gas ««orking fluid (e.g., argon). High working pressures axe favored 
for coi^ct, high power output. 

A radial clearance of 0.2 cm is chosen, which permits some gas blow- 
by during the stroke. This can be minimized by using a high molecular 
weight working fluid (argon) and shaping the surface of the piston to 
reduce the velocity of the gas that leads through the gap between piston 
cLnd chamber wall. One can use the equivalent of non-contact rings on the 
piston to make the gas go through a series of e]q>ansions and contractions 
as it flows down the gap. The 5% blo%f-by value corresponds to an effective 
gas velocity through the gas of one-tenth of sound speed, which should be 
readily achievable. 

Overall cycle efficiency for the exao^le in Figure 2.33 is ”30% with 
a power output of 3 MH( e ) . The e3q>ander chamber is quite ssiall ( 30 cm 
diameter, 150 cm long) and would be very light in weight. 

The molybdenum piston could be hollowed out with rib supports if 
desired, although piston weight is small. Detailed design studies would be 
required for a realistic determination of ei^ander system mass, though a 
range of ”0.1 to 0.2 kg/KW(e) appears reasonable (300 to 600 kg for a 3 
HW( e ) system ) . 

Although there has been a substantial amount of work on free piston 
engines, primarily of the combustion driven type, considerable R fi D would 
be required to develop a free piston expander for space power generation. 
This R s D would primarily relate to components (high temperature valves, 
power conversion circuits, piston materials) and control (load control of 
piston motion, suspension dynamics). There appeeu: to be no fundamental 
go/no go issues, however. 
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Table 2.14 

Free Piston Expander Illustrative Performance 


• Argcn Working Fluid 

• -1000 psia inlet pressure 

• '3000 "K inlet tenperature 

• Molybdenum Piston 

• L/D ~1 

• -30 cm diameter 

• Piston Frequency ~30 Hz 

• Volume Expansion Ratio ~3/l 

• Expander Length '1.5 meters 

• Intake Volume '25 liters per stroke 

• Average Velocity -70 meters/sec 

• Radial Cleareuice -0.2 cm 

• Gas Blow-by “5% 

• Output Power -3 MW(e) 

• Net Cycle Efficiency -30% 

• 


Radiator Temperature -900 “K 
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ENERGY EXCHANGERS 

Energy exchangers c<xnbine the high tes^rature capabilities of 
piston type expanders with the ability to oiaintaln steady flow. 

The energy exchanger (Figure 2.34a) would also be driven by a high 
temperature, high pressure working fluid such as argon or alkali metal 
vapor. A second, lighter molecular weight working fluid such as an argon- 
helium mixture would be cranpressed in the energy exchanger by the driver 
gas and exhausted at high pressure but lower temperature to a conventional 
uncooled turbine for work extraction. Consequently, very high temperature 
thermal cycles (e.g., Brayton or Rankine) are conceivable with the use of 
the energy exchanger. Such cycles must operate either as topping cycles to 
more conventional lower temperature power cycles or as recuperated ( i . e . , 
Brayton) cycles where the heat left in the energy exchanger exhaust is re- 
invested in the heating portion of the cycle (see Figure 2.34b). 

Energy exchanger technology has reached a commercial level of 
application for diesel superchargers, and it is c\u:rently being developed 
by DOE for application to electric power generation systems . ^ ^ The 
latest series of experiments using argon and argon-helium mixtures have 
demonstrated good work transfer efficiencies on a small ( 100 kW^^ ) device 
with projected efficiencies in the 80 to 85% range for fully engineered 
versions of this device. These component efficiencies are high enough 
to warrant further investigatio.i of higher teoperature and higher pressure 
versions of the energy exchanger. The key problems are to maintain good 
seals with efficient aerodynamic design at the elevated temperatures and 
pressures desired, and to utilize the higher temperature waste heat 
effectively in the power cycle. High temperature operation appears 
feasible with present materials, vastly simplifying the development process 
required. Inlet (i.e., peak cycle) temperatures on the order of 2000 °K 
(i.e., 3150 ^F) appear feasible for most gam environments, since the rotor 
temperature would be no more than 1500 °K. These peak temperatures allow 
an increase in Brayton cycle efficiency from the benchmark of 37% to 43% 
or, alternately, an increase in radiator temperature from 450 ^ to 560 
assuming a constant efficiency. This would reduce the power-specific mass 
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ENERGY 

EXCHANGER 



(a) Cycle Configuration 



(b) Cycle Thermodynamics 


Figure 2.34. Advanced Energy Exchanger/Turbine Brayton Cycle 
with Intercoolers and Recuperators. 
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to th« 8 kgA*f(8) rang*. Typical operating paxaMtara ar* given in Table 
2.15. 

tAGHTTOBYDRODYMMCIC GENERATORS 

NED has been under developaent for alaost three decades in the 
United States and abroad. !Rw total MED budget during this interval is on 
the order of a billion dollars. Hany U.S. groups have engaged in MED work, 
including AVCO, GE, weatinghouse, NASA, DOE, University of Montana, 
University of Tennessee, MIT, JPL, ANL, etc. 

Most of the work (”90%) on MED has concentrated on open cycle 
combustion fired systems using either coal, oil, gas, or solid propellant 
(military applications) fuel. Although this system is not viable for space 
power applications, it shares many common development issues with closed 
cycle MED systems so that progress in this area helps other areas. 

The USSR has been operating a relatively large ei^rimental NED 
power plant (the U-25 plamt) since 1971 with natural gas fuel. Peak 
generation powers of *’20 MWe have been achieved using the AML 5 Tesla 
superconducting magnet. The U.S. is constructing a relatively large 
experimental MED generator in Montana (CDIP) which will be operational 
relatively soon. Design studies of a demonstration MED plant are being 
carried out . 

Technical problems have been encountered with MED channels, air 
preheaters, and seed recovery units, particularly for coal fired systems 
with high ash content. The superconducting magnets, while not yet within 
present state of the art ( latrge 4 to 6 Tesla dipole magnets of the required 
size have not yet been built), do not appear to present any fundamental 
problems . 

Materials have been developed that promise channel lifetimes of 
several thousand hours in coal fired MED. Platinum coatings have been 
developed for anodes to protect against corrosion by coal slag. Channel 
efficiencies (i.e., equivalent to turbine mechainical efficiency) for the 
sizes tested have demonstrated “40 to 45%, which are comparable to the 
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Table 2.15 

Typical Energy Exchanger/Turbine Operating Parameters 


ENERGY EXCHANGER 

• Output Power ~500 kW(e) 

• Argon Working Fluid 

• 150 psia inlet pressure 

• 2000 °K inlet temperature 

• 3:1 pressure ratio 

• Tantalum Alloy Rotor 

• 30 cm length 

• 30 cm diameter 

• 1440 °K skin temperature 

TURBINE 

• Argon-Helium Working Fluid 

• 150 psia inlet pressure 

• 1500 ®K metal temperature 

• 3:1 pressure ratio 

RADIATOR TEMPERATURE 560 °K 
NET CYCLE EFFICIENCY 43% 

POWER-SPECIFIC MASS 8 kg/kW(e) 

(including solar collector and 
cavity, power unit and radiator) 
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valuas pradictad by thaory. Highar afficlanciaa, *75 to 80%, ara ai^actad 
for tha largar channala appropriata to MBD powar plants. Enthalpy 
axtractions of *20% of flow anargy hava baan das»nstratad in shock tuba 
studlas, coBparad to tha *15% naadad for practical MHD powar plants. 

Saad racovary appaars solvabla but has not yat baan daaonstratad in larga 
systans . 

Projactad cycla afficlanclas for first ganeratlon opan cycla 
MHD/stean plants hava droppad to tha low 40% laval as cc»parad to projactad 
efficiencies in the low 50% level a few years ago. This seams to parallel 
a general decline in coal/steam power plant efficiencies due to tighter 
environmental controls. Second generation MHD plant afficianciea should be 
on the order of 50%. 

Relatively little direct work has bean dona on closed cycla, thermal 
equilibrium MHD because of the current non-availability of heat sources 
with mrking fluid ten^ratures of *2500 However, no problems ara 

ainticipated with extracting 15 to 20% of tha enthalpy flow in equilibrium 
closed cycla MHD channels at generator afficlanclas on tha order of 70%. 

Substantially more work has baan dona on closed cycla non- 
equilibrium MHD since lower working fluid temperatures (on tha order of 
*2000 *^) are acceptable . ^ ^ These could be provided by advanced gas 
cooled nuclear reactors or solar thermal powar systems. 

Tha relatively non-raactiva nature of tha seeded inert gas working 
fluid (e.g., seeded argon, helium, or a mixture of argon and helium) 
greatly eases channel materials problems compared to coal fired MHD 
systems. Uncooled channels caui probably operate up to *2200 emd cooled 
channels well above that. 

Initial work on non-equilibrium MHD generators v;as discouraging 
since electrothermal ionization instabilities were always observed, which 
resulted in a spatially non-uniform distribution of ionization and internal 
current loops that reduced the generator efficiency. GE experiments in the 
last few years using shock tubes have indicated good generator performance 
in the non-equilibrium temperature regime if one starts with high initial 



2-113 


Stagnation ta^psraturas / ^ Mhlls not concluslvs proof of good non- 

squllUbriun opsratlon (ionisation rslaxation offsets nay bo inportant), 
thoy aro oncouraging. A U.S.-Nothos lands cooporativo program should 
provido conclusiTO domonstration of a largo (5 Mfth) non-oquilibrium HHD 
gonorator in a yoar or so using a GB MBD channol in tho Eindhovon 
facility. 

If succossful, non-oquilibrium KHD gonorators will oporato at 
maximum coolant tomporaturos of ‘ZOGO K. Somowhat lowor oporating 
tomporaturos may bo possiblo, but probably not bolow 1800 K. Tho gonorator 
should achiovo a copponont officioncy of “60 to 70% using argon or argon- 
helium working fluid. Tho offoctivo Ball parameter (uit) in tho gonorator 
will bo limited to “2 (oven though tho microscopic is much larger) by 
electrothermal instabilities. Tho low is actually of benefit to 

generator operation since it reduces intor-oloctrodo voltage along tho 
channel and lowers tho chance of electrical breakdown, operating power 
densities in the channel should exceed 500 HWe per m^. several concepts 
(see Figure 2.35) have been prepared for direct absorption of sunlight into 
the seeded gas.^^^^^ This technique should allow high temperature operation 
with cycle efficiencies on the order of 40%. Using a nuclear MBD Space 
power system design/ the mass-specific power of the conversion unit is 
estimated to be 4 kg/kW(e). 

Liquid metal MBD appears to have limited promise for space power 
applications. Maximum working temperatures are constraULned by materials 
limitations to 1000 °C, while heat rejection tesyperatures cannot fall too 
much below this level (e.g., typical radiator temperatures are on the order 
of 500 to 700 ^C) because of radiator maiss considerations. The relatively 
small temperature difference available will result in low cycle 
efficiency. In addition, liquid metal MBD depends on the expansion of a 
two phase gas-liquid metal mixture through the MBD channel. The gas 
component must be recompressed as in a normal Brayton cycle, which tends to 
reduce efficiency if the available AT is small. Experiments with two phase 
MHD have demonstrated expansion of the mixture, but expansion distances are 
relatively long (“40 feet in one design for coal combustion plants) to 
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(a) Aligned flow and radiation aibsorption in a solar MHD generator. 
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(b) staged transverse absorption of radiation alternating with MHD 
generator stages. 
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(c) Staged transverse adosorption using solid surfaces. 


Figure 2.35. MHD Concepts Utilizing Direct Absorption of Sunlight 
to obtain an approximately isothermal expansion. 
(Reference 117) 
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control gM slip pMt liquid. r«l4itl^«ly low powor d«n«lti«s would 

appear to b« unfavorable for epee# power applicatlone . 

In stiaMury, closed cycle equllibrluia and non-equilibriua NBD appear 
to offer considerable proeilse for space power applications provided nuclear 
or solar heat sources with high working fluid teaperatures in the range of 
2000 ^ or above prove to be available. MBD ^ysics is well understood, 
and praising eater ials for practical channels appear available. However, 
the efficiency scaling with slse suggests that NBD power systeas will only 
be attractive at power levels of 10 to 100 MWe aM above. Uhls places the 
MHD option in the far-tera so far as anticipated pot^r requirements are 
concerned . 

HZ<m TENPERkTORE REOJPERkTORS 

weight, heat exchanger effectiveness, peak aaterlal temperature, and 
size are the most significant features of recuperator design for high 
tei^rature Brayton cycle operation. Recuperators for space power systems 
have been undergoing a continuous evolution in design and materials 
development over the past twenty years. Figure 2.36 illustrates the 
temperature lisdts as a function of allowable stresses for a number of 
metal heat exchanger alloys. For pressure ratios of 3 to 5 (l.e., for 
regenerated Brayton cycles) and base pressures of 1 atm, the stress per 
square inch is on the order of 2 to 4 ataosiheres or 30 to 60 psi; at a 
base pressure of 10 atm, the stresses rise to 300-600 psi. The maximum 
allowable stress criterion asserts that the true stress be a factor of lo 
below the maximum allowable stress, niexefore, those alloys with 
( T i 6000 psi would be satisfactory at the peak pressures anticipated 
in these examples. These alloys would be viable up to metal temperatures 
of about 2000 ^F (1400 °K), for example, using columbium (niobium). 

Ceramics will allow higher material temperatures. The ei^riment 
carried out by Garrett^ ^ and others indicates that temperatures as high 
as 1530 (2300 ^F) have been achieved with experimental tube-in-shell 

silicon carbide and silicon nitride ceramic heat exchangers. Small, 
rotating ceramic recuperators have been developed for vehicular gas turbine 
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(open cycle) syatena in the €0 to 479 kW range. However, there ie eone 
question that ceramic heat exchangers will prove practical. iMcause of 
stress and brittle failure problems. 

High temperature pebble bed recuperators have operated successfully 
in many applications. Temperature capabilities well in excess of 2000 ^ 
are achieved using appropriate ceramic materials. However, as presently 
configured, they are generally laurge and massive and must be cycled 
relatively slowly. 

Development of a small, lightweight, high performance particulate 
bed recuperator would be of considerable importamce for space power cycles 
since it %rould aU.low high efficiency and high rauliator temperature 
systems. Such recuperators appear: feasible using rapid cycling, rotating 
bed recuperators with small size particulates. 

The rotating bed recuperator concept is illustrated in Figure 2.37. 

A packed bed of small ceramic particulates (diameter of ”100 to 200 
microns) is held by centrifugal, force inside a rotating porous cylindrical 
frit. Two beds are used in the cycle, one to extract sensible heat from 
the low pressure eadiaust from the expander and the other to heat the 
incoming high pressure gas stream from the compressor. The beds 
alternately carry out both functions, with typicatl cycle tisMS of “10 
seconds. As sho«m in Figure 2.37, hot gas from the expauider paisses down 
the axis of bed tl amd flows radially out, first through the packed bed and 
the.', through the porous cylindrical frit. The exit temperature of the gas 
is somewhat above the radiator temperature. After heat rejection and 
compression (two or more stages of compression may be used with radiative 
heat rejection between compression stages), the cool gais working fluid 
passes into bed #2, first through the porous cylindrical frit and then 
radially inward through the packed bed, exiting along the axis of the 
rotating bed. The hot high pressure gas is further heated by the heat 
source and then enters the expander. 

A linear temperature gradient is established in the packed beds with 
the highest temperature at the inner surface of the rotating bed and the 
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lowest tftai^ratur* at tha outar aurfaca. Each point in tha bad risaa by an 
amount AT during tha haat axtraction part of tha eye la, and drops by tha 
sama amount during tha gas haating phaaa. Thara is a small amount of haat 
laakaga to tha outsida surfaca of aaeh bad, but tha tharmal eonductivity of 
tha packad bad is low anough that tha haat loss ean ba naglaetad. 

Using low Z earamic partieulatas (a.g., graphita or boron earbida), 
tha mass of tha racuparator bad ean ba quita small. For axampla, with a 20 
second cycle (10 seconds heating and 10 seconds cooling) and a AT of 100 K, 
the mass of particulates in the two beds is only 0.10 kg per KW of thermal 
duty. 


The particulate diaswter is small enough ('200 microns) that their 

thermal diffusion tiM is very small compared to the recuperator cycle time 
—2 

(e.g., 10 seconds vs. a cycle time of 5 to 10 seconds). Accordingly, the 
individual particulates will have essentially uniform temperatures 
throughout, and all portions of the pairticle will contribute to thermal 
storage during the heating and cooling phases. 

Table 2.16 lists illustrative performance parameters for a rotating 
bed recuperat r. Tha parasieters appear very attractive, and the system 
weight is quite acceptable. 

The rotating bed recuperator is a relatively simple device with 
minimum structural requirements. All important structural components are 
close to the radiator temperature, with only the ssiall diasMter 
particulates and valves ei^osed to high ten^ratures and tes^rature 
savings. If necessary, the valves can be actively cooled since they 
comprise only a small area of the system. 

The rotating bed recuperator has potentially high payoffs for those 
power systems with high working fluid temperatures, since it will 
considerably increase cycle efficiency as well as substamtially reduce the 
specific mass, kg per KW(e), of the system. 
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Table 2.16 

Illustrative Performance Parameters 
For A Rotating Bed Recuperator 



Power Cycle Output 

1 MW(e) 

Thermal Duty on Recuperator 

1.5 MW(th) 

Bed Cycle Time 

20 seconds 

Temperature Swing in Recuperator 
Bed During Half Cycle 

100 °K 

Rotating Bed Particulate Mass (2 beds) 

150 kg 

Bed L/D 

1 

Bed Inner Diameter 

50 cm 

Bed Thickness 

7 cm 

Bed Rotation Rate 

500 RPM 

Particulate Material 

Graphite 

Gas Pressure Range 

30 atm Low 
75 atm High 

Temperature Difference Across 
Recuperator Bed 

1000 °K 

Maximum Gas Flow Velocity through 
Recuperator Bed 

30 cm/sec 

TOTAL RECUPERATOR SYSTEM WEIGHT 

300 kg 
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2. 2. 7. 3 Movl gnarov Cowralon Coneapta 

Novel energy conversion concepts coeblning direct photon conversion 
to electricity with thermal and chemical conversion processes have been 
proposed which may have the potential for performance improvements. These 
are revietMd below along with a new concept for direct conversion of 
nuclear gassM ray decay to electricity. The general thrust of these 
concepts is to use a portion of photon energy not participating in direct 
conversion as heat to assist the conversion and, thereby, improve the 
efficiency. In practice, this often involves degrading the temperature at 
which waste heat can be rejected, leading to a counter-acting effect in 
terms of total system weight. A thermally assisted electrolysis concept is 
proposed which also relies on caiscaded energy use. 

PHOTOELECTRIC POWER CONVERSION 

Novel photon energy conversion concepts specifically include photo- 
assisted electrolysis, photodiodes (i.e., microrectenna ) , and 
thermophotovoltaic (TPV) cell systema . Photo-asaisted electrolysla uaea 
photons to help boost electrons over the barrier potential between a solid 
electrode and the electrolyte, and thereby establishes a voltage above that 
obtainable from the materials themselves. The photodiode is a device which 
rectifies electromagnetic waves in a physical antenna structure having 
dimensions on the order of the incident light wavelengths. The output is 
DC power with a voltage on the order of the light quanta energy. 

Discussion of the photodiode (i.e., sdcrorectenna ) is deferred to Section 
2. 4. 7. 2 (on laser power transmission ) where these devices show considerable 
promise as receiver/converters. Thermophotovoltaic systems use a cavity 
heated by sunlight to 1800 ^ to 2400 The blackbody radiation in the 

cavity is absorbed by the photocells which, ideally, are transparent to all 
of the radiation except for the photons with energies greater than the 
bandgap energy, which are absorbed to make electricity. Light transsdtted 
through or emitted by the photocells is "recycled" by the blackbody walls, 
which reconstitute a complete spectrum when the energy is re-emitted back 
at the photocells. Each of these devices is still very much in the 
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development stage, tdiere efforts ate being made to desonstrate the high 
efficiencies projected for this operation. 

THERMO-PHOTOVDLTAIC CONVERSION 

The thermo-photovoltaic converter was originally developed for the 
United States Army for application as a chemically fueled, non-detectable 
power source which would generate minimal noise and infrared radiation. 

The system has been successfully developed to a conversion efficiency near 
20% for use with conventional army fuels but has evidently not been 
produced in any quantity. For solar energy conversion relatively high 
efficiencies have recently been calculated for these systems . ^ ^ However-*, 

this high performance depends critically on the achievement of near ideal 
values for a number of performance parameters, particularly surface 
properties. Therefore, it is doubtful that the predicted high performamce 
values can be approached. Nonetheless, some development %A3rk on these 
systems is in progress, and the outcome will have to be awaited before 
further statements can be made. 

PHOTO-ASSISTED ELECTROLYSIS 

Terrestrial application of solar assisted electrolysis of water 
( i . e . , generation of hydrogen and oxygen f r^ water ) is under active 
investigation^ ^ The maximum thermodynamic efficiency, for the 
conversion of solaur radiation into useful chemical or electrical energy is 

where the sun's temperature is approximately 5900 ^ and T^ is the heat 
rejection temperature. More stringent restrictions are placed on n by the 
threshold photon energy required to make the desired reaction proceed and 
by the fact that concentrated sunlight is not sufficiently intense for 
multi-photon exci-cation to occur before back reactions in the photo-excited 
materials take place. Therefore, the fraction of energy available in 
sunlight is drastically reduced from the ideal limits given by These 

considerations generally limit the threshold-related efficiency, to 
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Ittss than 48% for natarlala with maxiavna absorbanc* naar 1100 rai 
wavelength. Asauming radiative tenperatures near to 600 giving 

- 87%, the product overall efficiency is less than .87 x .48 - 42%. In 
practice, most photocheadcal reactions will have thresholds at wavelengths 
considerably less than the optixuai for sunlight (l.e., 1100 nx) so that the 
efficiency will be lixited to values nore like 15 to 20%; a quantum yield 
leas than l will reduce this value still further. 

Photo-assisted electrolysis or photogalvanic systems operate by 
using passive electrodes iimiersed in a fluid solution of optically active 
compounds which release their chemical energy when the electrode(s) are 
illuminated. An electrostatic potential is also formed at the same time, 
allowing work to be extracted from the system. The ch«nical species are 
sometimes evolved as bubbles, which can be separated (e.g., centrifugally) 
from the solution in space where normal buoyant forces are inoperative. A 
terrestrial system is shotm schematically in Figure 2.38 where bubbles rise 
under the gravitational buoyant forces. Typical materials used in this 
type of cell include iron-thiaxine . The best reported efficiencies for 
absorbed, monochromatic light is 1.5%; broad band radiation would be 
substantially less efficient. ^ ^ 

Other combinations include the cis-trans acid cell, the cyclic 
silver halide cell, the absorbed dye layer cell, micellar systems, and 
bilayer membrane cells. None of the cells is efficient. At this point 
they produce, at best, millias^res of current making them unattractive for 
power applications; they may be considered for recharging batteries. 
Generally, however, photovoltuc cells will still perform this function 
best. 


The liquid junction photovoltaic cell is perhaps the most attractive 
new idea in this area. In this concept, for example, a semiconductor such 
as Ti 02 is connected to a platinum counter-electrode in water, and can 
produce enough voltage, when exposed to short wavelength light, to 
dissociate water. A schematic of this approach is shown in Figure 
2.39. This requires the application of a bias voltage. Hence, the 
principle product is chemical (i.e., H 2 and O 2 ) and not electricity. 
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Figure 2.38. Schematic Illustration of a Classical Photo- 
electrolysis Cell. (Reference 123) 



Figure 2.39. Schematic Energy-level Diagraun for a Schottky-type 
Photoelectrolysis Cell. (Reference 123) 


LOAD 



Figure 2.40. Representative Example of a Photochemical Redox Cell. 
(Reference 124) 



2-12S 


N«v«rth«l«BS, auch fuala nay b« attractlv* whan atorad for pulaa powar or 
tranaiant powar (a.g., occultation) applicatlona ; for axaaipla, for uaa In a 
hydrogan oxygan fual call. 

othar aaadconductora conaidarad for this application includa GaP and 
aaviconductor aatariala (p-typa and n-typa) which can ba alurriad in tha 
alactrolyta and diaaociata watar with no axiarnal alactrical circuit (i.a., 
tha ao-'callad photochamical dloda). Thla la a vary actlva fiald at 
preaant, with much on-going raaaarch in tha araa of naw clasaaa of 
electroda materials. 

The photo redox cell involvea illumination of both electrodaa (e.g., 
cadmium Talluride doped n and doped p, raapactivaly) cauaing charge 
aeparation and tha generation of electric currant through tha external 
circuit (load), aa ahown in Figure 2.40. On tha order of 9% aolar-to- 
elactric efficienciaa have bean reported with ultimata limita of 20 to 40% 
computed theoretically for thia type of cell.^^^^^ Tha weight of auch 
devicaa muat includa tha liquid amd ancapaulatlon in addition to tha 
alactrodaa and uriring. Purthvr, tha quaatlon of electrode and alactrolyta 
lifetime ia uncertain and naeda to ba invaatigated before tha true 
performamce potential of thia approach can be asaaaaed. 

PHOTO-EMISSrVE CONVERTERS 

Gilbreath and Blllmam have revietaad novel direct convaraion devicaa, 
including tha photo-emisaiva converter . ^ ^ Daapita an early hiatory of 
poor performance (i.e., 0.01% efficiency), theae devicea (aae the achamatlc 
sho«m in Figure 2.41) cam owdce uae of relatively new, atabla photo-eadittar 
materials, such as CS/CS 2 O monolayer on GaAs^^ which have quantum yields 
of 50%, together with new device configurations. Projected efficiencies of 
35% for very thin (5u micro-etched) receivers suggest possible high 
payoffs, but there is very little actual data to support these figures. 

Table 2.17 contains a summary of efficiency and specific mass 
estimates made by Gilbreath and Billman for a variety of novel energy 
conversion concepts . ^ ^ Our estimates coincide very closely with those in 
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ENHANCED EFFICIENCY VDLTAQE ADDITION 
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Figrore 2.41. Schematic of Photoemissive Converter Concept 
and two examples of devices predicted to pro- 
vide enhanced power conversion efficiencies 
and inproved operating characteristics. 
(Reference 124) 
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Table 2.17 

Summary Ch 2 u:acteristics of Primary Collection and 
Conversion Devices 
(Adapted from Reference 124) 



Device 

Efficiency, % 
solau: to electric 

Specific mass 
kgAW^ 

Power* 

Level 


Photovoltaic 

12-20 

2-3 

— 

Redox cells 

10-20 

2-6 

L 

Photoemissive 

15-30 

1.2-4 

L 

Solar Brayton 

18-25 

2-3.5 

M-H 

Solar boiler MHD 

30 

2 

H 

Plasma collector 

-1 

5-30 

M-H 

Solar electrostatic 

18-25 

1.8-3 

- 

Thermionic 

8-20 

2-5 

- 

Dielectric conversion 

5-20 

2-6 

- 


* L: <50 kW(e)? M: 50kW(e) <, < 1 MW(e) ; H: IMW(e) < 

A dash indicates no restriction to a particular power range 



Tabltt 2.17. V% hav* add*4 th« additional coluan on applicabla powar rang# 
where such restrictions apply. 

raEWCtfr-ELZ C T RUCHEM ICJai CX>NVERSION (TECC) 

A non-Bwchanlcal, high efficiency power conversion cycle can be 
devised which involves two elect rochesd.cal cells operating at different 
temperatures. The input to the two cell system is a pure thermal one, and 
the output is a net electrical generation (though there is internal 
recirculation of electricity). 

The two cells comprise a high temperature electrolyzer (BTE) and a 
fuel cell. In the BTC cell, the working fluid is electrolyzed using 
combined thermal and electrical input. The electrolysis products are then 
recombined in a lo%#er temperature fuel cell, generating more voltage output 
than required to operate the BTE cell. The excess electricity from the 
fuel cell is then available for external loauls . Figure 2 . 42 illustrates 
the overall cycle. 

The TECC has no moving parts (except for small gas circulators which 
can be in parallel) and will have very high reliability since the cells can 
operate as modules in parallel, stresses on components are low, and creep 
failure (particularly in zero G operation) does not appear to be of 
concern. There is extensive technical background on the electrochemical 
cells that would be used in a TECC cycle. 

As shown in Figure 2.42 (steam TECC cycle), good net cycle 
efficiencies can be expected. The cycle efficiency of '50% corresponds to 
a fuel cell component efficiency of 75%, which is relatively high but 
probably feasible. Assuming that cell over-voltage in both cells is small, 
the net efficiency of the TECC approaches that of the Carnot cycle based on 
the operating temperatures of the two cells. 

H 2 O (steam) and CO 2 are two promising candidate process fluids for 
the TECC cycle. In both cases the enthalpy of formations is essentially 
constant with temperature, while the ratio of thermal input (TAS) to 
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Figure 2.42. Therraal-Electrochemical Converter Flowsheet- 
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•lactrlc&l input (&G) into tho B1E coll that dacoa^oMO tha procaas fluid 
ri 4 >idly incxaaaaa with oparating taiqwxatura. 

High taaparaturaa ara xaquirad if ona ia to opaxata with a high 
fxaction of thaxaal input into tha alactxolysis call, ao that a high nat 
cycla afficiancy can ba achiavad. Elactxolysia of ataaa, fox axa^pla, 
xaquixaa a taapaxatuxa of ”1500 if tha thaxaal input ia to aqual tha 
alactxical input. cOj alactxolyaia xa<iuixaa aiadlaxly high tMipaxaturaa. 

Thin fila, aolid oxida BTE calls hava baan dawalopad to opaxata at 
vaxy high taa^xatuxas. Thasa calls hava thin (tans of aicxona thick) 
oxida alactxodas dapositad as poxous xafxactoxy oxida substxatas (a.g., 

ZXO 2 tubas). Piguxa 2.43 shows an BTE call davalopad by Ifastinghouaa fox 
fual call applications. [Although this call was oxiginally dovaiopad fox 
fual call applications, it also functions as an HTE call by siaply putting 
in alactxical anargy inatoad of taking it out.] 

Tha xaactant (aithax staasi ox 0>2) diffusas thxough tha poxous tuba 
wall and is alactxolysad at tha alactxoda suxfaca to H 2 (ox CO) and O* 
ions, which aova acxosa tha alactxolyta. Tha O* ions coadsina at tha oxygan 
alactxoda layex to foxn O 2 gas. 

O 2 gas is collactad fxoat tha spaca batwaan tha WSE tubas, whila tha 
H 2 (ox CO) gas pxoduct flows fxoa insida tha tubas to a coilacting planuai. 

Tha individual calls along tha BTE tuba axa alactxically connactad 
in saxias by an intaxconnaction layax so as to xinimixa X^R lossas in tha 
thin alactxoda layaxs. 

Singla and saall stacks of BTE calls hava opaxatad satisfactoxily 
for savaral thousands of hours at "lOOO ^c in units constructad by 
wactinghousa and Brown-Bovari . Laxga arrays hava not yat baan tastad, but 
thara saaw to ba no fundaswntal problasis in constructing aiMS tasting such 
arrays . 


In conipatibility tests of various candidata alactxoda sAtaxials at 
tamparaturas abova 1000 *^C, Brookhavan National Z,aboratory has idantifiad 
px(Miusing aatacials that appaar suitabla for highar tasg>aratura operation 
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Figure 2.43. HTE Cell Design (Westinghouse Fuel Cell). 
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up to '1500 Th*rtt axe plane to construct and test cells at these 

tenperetures , but this has not yet been done. 

Candidate construction Materials have been tested at Brookhaven 
Matlcnal Laboratory for weight loss in flowing CO 2 * steast, and 8 tea>-H 2 
mixtures at tesiperatures up to '1500 °c. Yttria-stabilixed ZrOj has no 
dlscernable weight loss at this te wp erature . It thus appears to be a 
suitable material for HTE process units. 

No detailed studies of the TEC system have been carried out, but 
approximate performance levels can be estimated. Overall net cycle 
efficiencies in the range of 40 to 50% ( heat to net electrical output ) 
appear feasible. The HTE unit %fould have a power density of '3 Kir<e} per 
of HTE electrode area ('lO Mlf(e) per m^ of HTE vessel voIubm) and a 
specific mass in the range of '1 to 2 Kn/KW(e). The specific mass of the 
complete energy conversion system ( including fuel cell ) would be several 
kg/KW(e). 

The TEC cycle appears to be an interesting and promising energy 
conversion system for space power applications because of its potentially 
high efficiency, modularity, high reliability, and lack of moving parts. 

2.2.8 Energy Conversion Conclusions 

Photovoltaic ceils (solar) and thermoelectric converters (nuclear) 
represent the state of the art for flight-tested energy conversion 
systems. Substantial improvements in these two conversion technologies, aa 
V9ll as other alternate and advanced conversion concepts, are needed in the 
thrust to longer lived, higher power systems. These latter concepts 
include Brayton and Rankine cycle systems using high temperature expanders 
such as advanced turbines, free piston expanders, energy exchauigers and MHD 
generators, thermionic converters, and hybrid converters using both 
photons, thermal energy, and/or electricity in vauious combinations. The 
energy conversion benchmarks have been set by assuming an evolutionary 
advance in silicon photovoltaic technology and SiGe thermoelectric 
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technology in the near future leading to eatlaated efficiencies auid powa r 
specific sasses of 16%. 10 g/We and 8%, 40 g/We, respectively. 

Advanced energy conversion technologies were reviewed and their 
potential for better perfonaance was assessed, niose concepts prosising to 
perform ais well or better than the benchmarks are listed in Table 2.18. 
Those ideas which have been selected here represent our best judgesMnt of 
potential at this time. In several cases, the performance estimates are 
based on extremely limited data. The first order of business in any 
investigation should be to obtain a more precise estimate; in some cases 
this is just a matter of collecting data which eilready exists, and in other 
ceises the critical data must be generated. In most of the entries of Table 
2.18, the entire energy conversion system weight (e.g., including solar 
collectors and radiators) is accounted for by the potMr-specific mass. The 
exceptions are the last two items in Table 2.18, %diich do not include 
radiator weights. Concepts which were not identified for Table 2.18 may be 
worth development either as paurt of current programs where they axe already 
being supported (e.g., advanced turbine blade materials) or in the event 
that any gains for improveMnt perceived for them in the future would not 
be significantly greater than the benchsiarlcs . A periodic reassessment of 
such concepts is necessary to keep track of recent changes in the 
development of these technologies and to reconsider them for the Advanced 
Energetics Program. 

In addition, %#e also recoamend a series of studies to help generate 
additional data needed for evaluating advanced conversion technologies and 
for determining their relative merits. These are: 

• Evaluate relative advantages of concentrator 
photovoltaics versus flat photovoltaic arrays 

e Evaluate the relative au3vantages of solar thermal 
versus photovoltaic power systems 
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Table 2.18 

Most Promising Advanced Energy Conversion Concepts 


Device/Concept 

Specific Mass 
[g/W(e)] 

Efficiency* 

(%) 

Photovoltaics : 



High Concentration Cells (GaAs) 

5 

18 

Radiation Resistance and Annealing 

MA 

MA 

Higher Voltage Arrays (VMJ) 

10 

16 

Improved Single Cell Performance 

NA 

18-20 

Multi-Band Gap Cells 

3 

30-40 

Thermoelectric : 



High Temperature Thermoelectric Materials 

40 

8 

Particle-Filled TEC/TE Converter 

NAt 

20 

AMTEC (and Thermogalvenic) Concepts 

33 

25 

Thermionic ; 



High Temperature Insulating 

20 

20 

Materials ouid/or Concepts 

Cascaded TEC/TE Converter 

20 

19 

Thermal Dynamic: 



Free Piston Expander 

8 

30 

Energy Exchanger 

8 

40-50 

MHD Generator 

7 

40 

High Temperature Recuperator 

-H 

— n 

Hybrid Concepts 



ThermophotOTTOltaics 

10 

30-40 

Photoemissive Converters 

46 

35 

Thermo Electrochemical Conversion 

5<S 

40-50 


* Efficiency = Electrical Power Out ^ Energy Received 
t Data is not available in quantifiable form 
n Dash indicates the entry is not applicable 
H Measured in g/W(th) 

6 Does not include radiator mass 
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• R*vi«w and avaluata altarnata high tanparatura gas 
axpandars for thamal po%iar systans 

• Coaypara tha ralativa narits of thamo^otovoltaic, 
thaxmlonlc, and tharaoalactric pow»r systam. 


2.3 gnargy Storaga 
2.3.1 latroduction 

Enargy storaga for sacondary powar systeas nay ba considarad to 
comprisa all anargy storaga systasa excluding thosa for propulsion. In 
today's technology this function is perforaed by batteries. Which are 
electrochemical devices. For future applications «/e can consider four 
additional generic approaches to enargy storage: regenerabla fuel calls, 

flywheels, tharaal amd chaaicaQ, and novel. Batteries and regenarable fuel 
cells receive and deliver electrical energy, storing the energy 
chemically. Using motor-generator auxiliary equipment, flywheels also can 
receive and deliver electrical energy, storing the energy dynamically. The 
catch-all "novel" approach is applied to hybrid approaches, new concepts, 
and approaches that reduce or elisdinate the need for energy storage. 

Energy storage technology is closely interrelated with energy 
conversion technology. If one sets up a matrix with the various forms of 
energy input listed along the left column aind the various forms of energy 
output listed along the top row, the various storage technologies will be 
found along the diagonal of this diagram (Table 2.19). Quite often it is 
advantageous to combine a pure storage system with am energy conversion 
system. These types of technologies can be found in the fields adjacent to 
the diagonal. Some of these combined storage/conversion schemes have not 
yet been fully developed and offer potential improvements for future 
advanced energetics developsmnts . 

All energy storage systems, which so far have been used on Earth 
only, should be scrutinized with regard to their ability to operate in a 
zero-g environment. GravitationaLL environments related to the Earth's 
would be encountered for plametary surface missions. The most ccmaion 



Table 2.19 

Energy Input and Output Technologies 
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Blialon anvalop* would typically bo a spacocxaft or aannod pozaanont spaco 
station with zoro 9 in Earth orbit with a poriod of rovolution varying from 
approxiiaatoly 100 ainutos to 24 hours < in goosynchronous orbit ) . Doponding 
on tho inclination and occontricity of tho orbit, tha spacocraft nay spond 
from four porcont to a littlo loss than half of its tins in tho shadow of 
tho Earth. Enorgy storago of sons sort is roguirod to koop tho systons on 
board operating during sun occultation. 

2.3.2 RoquiramAnta 

Future NASA spacecraft mission categories to be considered for 
energy storage technology research are: 

• Low Earth Orbit satellites (LEO) 

• Mosynchronous Orbit satellites (GEO) 

• Near sun missions 

• Planetary orbit missions 

• Energy conversion for space propulsion 

• space-to-space power transmission 

• Deep space missions 

• Lunar surface 

Finke and Barthelemy^ ^ identify an important future need for 20 
kw to 50 kw synchronous orbit power systems with ten year life. They 
proposed a typical requirement for a 25 kW system with a peaik poorer need of 
approximately 50 kW and a battery storage capacity of approximately 
2.5 kW • hr. These requirements reflect NASA and Air Force synchronous 
orbit expectations, giving recognition to civilian emd DOD expected needs. 
Thus, this requirement is accepted ais a valid one. 

For GEO synchronous rrbit missions, there are approximately 84 
discharges per year, with needs presumed to be on the order of ten years. 
Special emphasis is warranted to the GEO synchronous orbit missions because 
launch weight is especially critical. Finke amd Barthelemy have 
established a tentative technology goal for energy storage for this mission 
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of 123 liF-hr/k? (60 W-hr/U}). Nh«n coapurvd with th« current usibl* 
secondary battary anargy danalty on tha ordar of 23.1 W-hrA? (10.5 W- 
hr/lb) it is saan that rafinanants of axisting syatams will not ba 
adaquata, but that totally diffarant approachas will ba nacassary. An 
atssassaant of tachnology undar currant davalopawnt, as discussad in a latar 
saction, shows that this goal is vary aabitious. 

Raquiramants for Low Earth Orbit (LEO) missions hava not baan 
definad as claarly as for GEO synchronous orbit missions but ara undarstood 
to extend beyond 20 kW to 50 kW and even to 100 kW. Unfortunately, the 
energy storage requirements for low Earth orbit missions are somewhat 
uncertain. It has been presumed, therefore, that (a) weight is important, 
though not so much as for GEO synchronous orbits; <b) life is in^rtant; 
and ( c ) cost is iav>ortant . 

For low Earth orbit missions there aura approximately 15 dischaurges 
per day, with approximately l.O hour for charge amd 0.6 hour for 
discharge. It is presumed that such costly, high po«#er spacecraft will 
require long life, in excers of five years. Further definition of 
requirements for low Earth orbit missions, similau: to that done by Finke 
and Earths leny^ ^ for GEO synchronous orbit missions, irauld be of benefit 
in research planning. Improved energy density is undoubtably of value, 
although specific goals cannot be cited. 

Non-Eeurth orbital missions require non-cyclic energy storage such as 
from a primary battery. Energy density should be very high because of the 
great importance of weight for such missions. 

Stored thermal or chemical energy usually must be converted to 
electrical energy for use in spacecraft. For comparison with other 
systems, it hcis been assumed that the conversion efficiency from thermal or 
chemical energy in a thermal cycle to electrical energy is 20 percent. 
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2.3.3 gnarnv Storaaa Itethoda 

Energy storage nathoda that aay ha conaidarad for apaca appllcationa 
ara battarlaa, raganarabla fual calla, flywhaala, tharaal or chaaical, and 
noval. Thaaa ara briafly daacribad balow. 

2. 3. 3.1 Battarlaa 

Battarlaa atora anargy chmaically, tranafontlng it into alactrical 
anargy upon diacharga. Primary battarlaa ara dlachargad only onca and 
cannot be recharged; such batteries have applicability to many NASA 
missions beyond Earth. Secondary batteries may be discharged and rechairged 
many cycles; these batteries are used for Earth orbital and soma planatairy 
orbital missions. 

2. 3. 3. 2 Raganarabla Pual Celia 

A fuel cell is similar to a battery except that the reactants, 
either liquids or gases, ara stored externally and plumbed into the call. 

A reganarable fual cell system is reversible, having a recharge cycle in 
which the discharge product is electrochemically converted to the initial 
reactant state. Hydrogen-oxygen and hydrogen-halogen regenerable fuel 
cells are cauididates for future spacecraft. 

2. 3. 3. 3 Plywheels 

Flywheels release autd absorb kinetic energy by changes in rotational 
speed. This energy can be converted to electrical energy by a generator 
with either dc or non-constant frequency ac output. Related technologies 
include homopolar generators and compulsators . 

2. 3. 3. 4 Thermal and Chsmieal 

Thermal energy storage is the storage of energy as heat without 
changing the form of energy. Chemical energy storage, on the other hand, 
includes thermochemical, photochemical, and radiochemical storage. 
Thermochemical energy storage is based on the heat which accompanies 
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chMHical raactloM. Rav«rsil>l« raactions ar« r«quir«d for cycling of 
•n«rgy. Th* thoraal anargy can ba uaad diractly for ta^paratura control or 
may ba convartad to alactrlcal or machanical forma by haat anglnaa, 
tharmoalactrlc, tharmolonlc, or othar maana. 

2. 3 . 3. 5 mqyiI gnargy atoraga ^pproac>w■ 

vary littla affort haa gona into conceiving and analyaing noval 
approachaa to anargy atoraga for apaca applicationa. Olha coneapta 
mantionad hara ara aaraly by way of illuatration to point out that thara ia 
much room for innovation, niara appaar to ba good poaaibilitiaa for noval 
high anargy danaity atoraga approachaa for GEO aynchronoua orbit 
applicationa dua to tha limitad cycla lifa raquiramant, tha low charga rata 
raquiranant, and tha availability of long durationa for rahabilitation 
prior to tha naxt occultation saaaon. Soma axamplaa follow. 

1. Raclamation of Secondary Battariaa: Lithium battariaa 

(aa wall aa aoma othara) have vary high anargy danaity 
but poor cycla life. One cauaa of tha poor cycla lifa 
is that tha lithium reacts at a slow but finite rata 
with tha electrolyte , foradng alactrochamically 
irrevaraibla byproducts. Conceivably, special 
treatment could periodically ba given these reaction 
byproducts to rajuvanate tha degraded active 
materials . 

2. Tha electrical power system can ba configured with two 
sets of batteries t one of medium anargy density but of 
long cycla lifa to ba used for housekeeping loads, and 
tha othar of high energy danaity but uncertain with 
regard to long cycle life and to ba used for payloads. 

3. For synchronous orbit, batteries could ba practically 
eliminated by use of ground based lasers transmitting 
during occultation. Solau: panels are Earth facing at 
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this tlaa, and trannisslon «MUld b« in wavalangths 
usaful to aolax call*. Multipla transalttars could 
clrcuavant protolaas of cloud*. 

4. Plywhaal anargy atoraga could ba Intagratad with tha 
control Bw ant gyro* of tha attltuda control ayataa for 
posaibla waight aavlng. 

5. Tharaochaaical anargy storaga night prova uaaful in 
tamparatura control applications a* wall a* in 
convarsion to alactric anargy. This can ba nora waight 
afficiant than tha u*a of alactric haatara, and can 
minlniza thanal cycling of thaznoalactric and 
tharmoionic convartars. 

6. Thamoalactrochamical angina* such a* tha Li/l 2 can ba 
considarad. Thasa consist of pairs of alactrically 
couplad alactrochanical calls oparating at diffarant 
temparatures, and usually involva a gas phasa anargy 
storaga aadium which also takas part in an alactroda 
raaction. Such systass ara naw and hava navar baan 
studiad for spacacraft application. 

2.3.4 G^naral to Praaant Tachnology 

Tha nickal-cadmiuB battary systaa has a thaoratical anargy dansity 
of 220.5 w-hrAg (100 w-hr/lb).^^^^^ Consldarabla axparianca has baan 
obtainad with this systaa. Tha highast anargy dansity achiavad in a call 
is 55.1 W-hrAg (25 »-hr/lb)/ ^ but rata and cycla Ufa with such 
dasigns ara not adaquata for spacacraft usa. Typical aarospaca battarias 
of lightwaight construction usa calls which will dalivar approxinataly 
31 W-hrAg (14 W-hr/lb). Modast improvanants in calls to approxinataly 
35 W-hrAg (15.9 w-hr/lb) ara possibla and can ba raflactad in battarias 
for an anargy dansity of approxinataly 32 W-hr/kg (14.5 W-hr/lb). 
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Th« nlOc*l-hydro 9 «n vystM a thaoratical anargy dariitity o£ 

443 w-hrA9 (200.7 w-hr/lb ) . ^ ^ Thi« la a racantly davalopad ayataa, but 

tha tachnology haa advancad rapidly baoauaa tha nickal alactroda la wall 
davalopad frooi tha niclcal-cadaiua battary, and tha hydrogan alactroda la 
wall davalopad froai hydrogan-oxygan fual call tachnology. Slngla calla 
currantly hava an anargy danaiti' of appr xlaataly 47 W*hrAg (21.3 w- 
hr/lb), raaulting In battariaa with an anargy danalty of 33 W-hrA9 (15W- 
hr/lb).^^^^^ waight aavlng laprcivaaMnta ara poaaibla in tha nickal 
alactrodaa, tha call contalnar, and in tha battary packaging. It la judgad 
that a battary anargy danalty of 50 W-hrA9 (22.7 W-hr/lb)la attalnabla In 
thla ayatan for LEO, and 60 to 75 W>hrA9 (27.2 to 34.0 V6>hr/lb) for GEO. 

High taiBparatura alkali matal battariaa auch aa Ll/PaS and Na/S ara 
praaantly undar davalopnant. Ll/PaS battariaa hava attalnad an anargy 
danalty of 80 W-hrA9 (36.3 W-hr/lb) and Na/S battariaa ara aigpactad to 
provlda from 70 to 110 W-hrA9 (31.7 to 49.9 W-hr/lb). Both ayataaa hava 
Ufa and parfonnanca problana, ao It la ai^ctad that anargy danalty of 
fully davalopad ayatama will not axcaad thaaa valuaa. 

Tha atatua of othar anargy atoraga tachnologlaa la Includad In tha 
tachnlcal aaaaaaaanta of Sactlon 2.3.7 alnca none of tha othar tachnologlaa 
hava baan davalopad yat for flight taatlng. 

2.3.5 Baaia of Compariaon 

Sacondary battariaa ara tha atata of tha art anargy atoraga mathod, 
and ara uaad aa tha baala of compariaon. i:oat of tha flight aiq>arlanca haa 
baan obtainad with nickal cadatluw battariaa, %«hlch hava an anargy danalty 
for full dlachairga of approxlauitaly 28.7 W-hrA9 (13 N-hra/lb). Typical 
dapth of dlacharga (DOD) for naar Earth orbit la 25 parcant, for a uaabla 
'nargy danalty of 7.17 W-hrAg (3.25 W-hr/lb). 

Nickal hydrogan battariaa currantly hava an anargy danalty for full 
dlacharga of approximataly 33.1 W-hr/kg (15 m-hra/lb). With today a 
technology, thaaa could ba daaignad for 40 w-hrA9 ^or GEO and 33 W-hrA9 
for LEO. Though there la little flight ai^arianca ao far with thia new 
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■ystni, C4ll and battery daalgns ar« wall ad^ancad. Typical design DOT for 
L£0 ia aatisatad to bs 40 percent and 70 percent for GEO, resulting in 
usable energy densities of 13.2 w-hr/kg and 24.5 W-hrAg« respecti'^ly. 

Though the nickel hydrogen battery system is relatively new, it is 
in the advanced stages of de^lopment, having been used on sosw programs 
and coBsdtted for others. Iherafore, the nickel hydrogen battery has been 
selected as the basis of comparison. The usable energy density per cycle 
is taken to be the appropriate neasure of performance. Thus, the reference 
points are 13.2 w-hr/kg for LEO, and 24.5 if-hr/kg for GEO. 

2.3.6 ApplleabtlltY to G«norie 

Future mission categories are listed in Table 2.20, with the 
applicability of the several energy storage methods indicated. Xt is seen 
that the three general methods of energy storage are applicable to low 
Earth orbit and geosynchronous orbit satellites, with relatively little or 
no application to the other missions. These t%M missions also appear to be 
of great importance in the NASA space program. It should also be noted 
that high energy density primary batteries are Important for many missions, 
and that thermochemical energy storage has potential for application to the 
lunar surface mission as well as near-Earth and geosynchronous orbit 
missions. 


2.3.7 Advaneed Energy Storage Technology Aseeeemente 

Advanced and new battery technologies as well as terrestlal energy 
storage technologies including regenerable fuel cells, flywheels, thermal 
and thermochemical storage and novel energy storage approaches are 
assessed. The state of the art of these technologies is revle%red and 
estimates made for their potential to surpass the benchmark for energy 
storage set in section 2.3.5 by the nickel hydrogen battery. Specific 
concepts are identified where possible, and these have been rcapared in 
order to recommend the most attractive ideas for research in Section 2.3.8. 
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^Usable with thermal converter power system. 
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Usable for temperature control. 
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High energy density primary batteries required. 
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2. 3. 7.1 Battaxv AflMMMMn-t: 

Silver-Zinc and Nickel-Zinc Batteries t Soae well estahlished 
aerospace battery aystens have so little potential, for high energy density 
and long life that they may be disqualified at the outset from further 
consideration. The silver-zinc and the nickel-zinc systems have high 
energy density, but suffer from poor low cycle life. The cycle life 
limitation is due to the high solubility of zinc species, and is thus an 
inherent restriction on these systems. Unless aoma bold new, promising 
approach can be taken, such as operating in electrolytas with low zinc 
solubility or with solid ionic-conducting electrolytes, these systems 
cannot be recommended for research. 

Recommendations with regard to silver-zinc and nickel-zinc batteries 
axe as follows: 

Silver-zinc cuid nickel zinc systems with sQkaline 
electrol^-be cauinot he recommended for research. 

However, novel approaches may be entertained for 
obtaining long cycle life and high energy density with 
these systems. 


Nickel Cadmium Batteries: Nickel cadmium batteries have been the 

workhorse of space pa^iez batteries since the inception of the space 
program. Nickel hydrogen batteries are superior with respect to life and 
weight performance, though admittedly this has not been fully verified by 
long-term cycling data. Nickel cadmium batteries have a cost advantage 
over nickel hydrogen, and there are many missions that cure well within the 
capability of nickel caulmium batteries. Thus, we may ei^ect a continuing 
need to use nickel cadmium batteries, to understand their problems and 
weaknesses, and to try to improve the technology. 

Research to improve nickel cadmium batteries would not be enabling 
and cannot be justified by the need for high energy density batteries. It 
can be justified, however, on its continued importance to the space 
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program. Thia is eapaclally valid in light of tha fact that nickmX cadmium 
batteries share with traveling wave tube amplifiers the distinction of 
being the most troublesome ccsnponents in spacecraft. Research on the 
nickel electrode would be especially valuable for it %fould benefit both the 
nickel cadmium system amd the nickel hydrogen system. 

Research efforts in batteries tend to em^asize the development of 
batteries; research on ways to control battery manufacturing so that a 
reliable, repeatable product can be made is mostly neglected. One 
important lesson learned from nickel cadmium technology is the great 
importance of understanding the effects of manufacturing variables and 
developing ways to keep them under close control, niis lesson must be 
applied to any new battery system developed for spacecraft use. 

Recommended research on nickel-cadmium batteries is susmiarized as 
follovrst 

(1) Reseairch, at a modest level, should be conducted on 
nickel cadmium batteries to better understand their 
problems and weaknesses and to improve the technology. 

( 2 ) Research should be conducted on the nickel electrode to 
benefit both nickel cadmium and nickel hydrogen battery 
technologies . 


Nickel-aydrogen Batteries t Nickel hydrogen batteries have been 
selected as the basis of comparison for all energy systems, as discussed in 
Section 2.3.5. This is a consequence of the system's good cycle life, even 
though there is little flight experience with this system, as well as the 
somewhat improved energy density relative to nickel cadmium batteries. The 
nickel hydrogen system is an extremely unusual battery system because, 
except for minor traces, neither electrode involves the formation of 
Soluble species. The biggest problem with cycle life of practically all 
batteries is the changes in electrodes which occur when active materials go 
into solution and then precipitate in a different morphology. This 
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fundsMntal problM is avoidsd in ths nlcksl hydrogsn systM and, as a 
rssult, ths systSB has ths potential for unusually long cycle life and very 
deep depths of discharge. Other inherent attributes are also desirable, 
such as ability to tolerate reversal and excellent high rate capability. 
Without question, this systea will be very isyportant for many years. 

NASA should exploit the long life prepotency of the nickel hydrogen 
system by conducting research on life limiting processes. Such research is 
worthwhile, irrespective of energy density improvement objectives, for 
reliable, long life battery operation in itself is a major goal in NASA 
research . 

Research on the nickel-hydrogen system is even further justified by 
the large improvement in energy density that is possible. Weight 
improvement can be accoaq>lished both by engineering measures and 
electrochemical advances. Engineering measures include t (1) lighter 
containers tham steel, such aus titamium, fiberglass composites, or cau:bon 
fiber composites; (2) development of a bi-cell, consisting of two cells in 
series with a coeaon pressure vessel; ( 3 ) optimization of battery packaging 
for heat removal, incorporating heat pipes into the design if necessaury, 
amd even developing ways to couple battery heat pipes with spacecraft 
radiator heat pipes. 

Electrochemical measures include: (1) development of lightweight 

nickel electrodes, preferably with properties intermediate between plastic 
bonded and sintered construction; (2) research to approach a two-electron 
tramsfer (already demonstrated e;qperimentally ) instead of only one electron 
trauisfer. 

Research to improve the nickel electrode hats high leverage in 
performamce for the nickel electrode is a high fraction of the weight of 
nickel-hydrogen cells. It should be emphaisized that, although millions of 
dollars have been spent to date on nickel-hydrogen battery research, an 
overwhelmingly large fraction of this haw been on engineering of the system 
with relatively little effort on tasic reseaurch to understand problems and 
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ov«rcoM th« lapttdlMntfl to laproying th* systMM, ••paclally th« nlclcol 
•loctrod*. Puturo rosoarch must placs graatar aaphasls on basic rasaazch. 

In assassing nickal hydrogan tachnology today and tha prospacts for 
tha futura, it is concludad that this systam is without paar for 120 
missions, wharaas for GEO missions it is a strong coapatitor but not tha 
ultimata (Tabla 2.21). For LEO missions, an anargy dansity of 33 W-hr/Xg 
at full discharga is attain&bla with today's tachnology, rasulting in a 
usabla anargy dansity of 13.2 W-hr/kg at 40 parcant dapth of discharga. 

For GEO missions, an anargy dansity of 40 W-hr/kg is attainabla with 
today's tachnology, resulting in a usable energy density of 24.5 W-hr/kg at 
70 percent depth of discharge. 

With research to improva nickal-hydrogan batteries, significant 
improyamants are possible. For LEO missions, an energy dansity of 50 W- 
hr/kg at full discharge should l^e attainable, resulting in a usable energy 
density of 30 W-hr/kg at 60 percent depth of discharge. For GEO missions, 
an energy dansity of 60 to 75 W-hr/kg at full discharge should be 
attainable, resulting in a usable energy density of 48 to 60 Whr/kg at 80 
percent depth of dischaurge. It should be ea^hasizad that these projections 
are based on complete batteries, not just the cells. 

Reconanended research in nickel hydrogen battery technology is 
summarized as follows: 

( 1 ) An analysis should be made showing energy density 
obtainable by R & D. Such an analysis would need to be 
made in considerably more detail than has been possible 
in this study. 

(2) A nickel electrode research program should be 
undertaken. This should include a comprehensive review 
of the nickel electrode. 



Table 2.21 

Battery Performance Benchmarks and 
Performance Judged Attainable With R & D 
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( 3 ) A nick«l-hydxog«n technology program should bs 
undertaken . 


Sllver-Bydrogen Batteries t Silver-hydrogen batteries have potential 
for efficient energy storage for GEO applications. Energy density is 
greater than that of nickel-hydrogen batteries, but designing for long life 
is a greater problem. There is a difficult electrolyte management problMi, 
but there is no inherent reason why this cannot be solved. It has been 
thought that there is a silver migration problem. Which would limit system 
life; however, recent studies of this show that silver does not migrate 
significamtly. 

NASA has had a research program on this system, but it has been 
discontinued. Reseaurch on this system hats been underway in Europe for a 
number of years. One experiment with silver-hydrogen cells resulted in 
1500 cycles at 75 percent depth of discharge. Cause of fad.lure was 
corrosion of the substrate, a problem that should be readily solvable. 

For GEO missions, silver-hydrogen batteries should attain an energy 
density of 70 to 90 W-hr/kg with full dischaurge. With design to a maximum 
depth of discharge of 70 percent, a usable energy density of 49 to 63 W- 
hr/kg should be attain<d>le. This system is, therefore, recomnended for 
further research, and that research should not be terminated unless it can 
be demonstrated that there is am inherent process operating in this system 
which limits cycle life below required levels. 

Recommended research in silver-hydrogen batteries is summarized am 
follows: A silver-hydrogen cell reseaurch program should be undertaJcen, amd 

the reseaurch results obtained in Europe should be closely monitored. 

High Temperature Batteries: High temperature batteries are 

attractive possibilities for energy storage because they offer both high 
power density and high energy density. High energy density is achieved by 
selecting reactants of low equivalent weight (such as lithium, sodium, 
sulfur) and high electronegativity difference. High power capadiility is 
attained by use of low resistance electrolyte materials, such as molten 
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salts, and by oparating at alsvatsd v^m^ratura, tdiich Incraasaa tha ratas 
of raactions and transport procassas, rasulting in a high azchanga currant 
density; high tamparatura also sAkas possibla tha achiavastant of a high 
degraa of ravarsibility. 

High tanparatura battarias stay loosaly ba dividad into thrca 
groups: (1) thosa with a noltan salt as tha sola alactrolyta, such as tha 

system LiAl/LlCl-KCly PaS, (2) thosa with a coatblnation of a solid main 
alactrolyta, emd a moltan salt mix of raactant and subsidiary alactrolyta, 
such as the system Na/Na'^’glass/S-Na^Si^, and (3) solid state batteries in 
which both electrodes and electrolyte are solids, such as tha systam 
Ca/CaP2 + YP3/N1P2. 

Paradoxically, tha bast known, highly funded high tes^ratura 
battery programs have unimpressive prospects for application to future 
spacecraft. One reason is that the systasw picked for development ware 
selected based on totally different criteria than are needed for space. 
Thus, potentially low cost has been paramount for coamercial applications, 
tdiereas of lesser ii^rtanca for aerospace; long cycle life with high 
reliability is pre-eminent for aerospace, whereas conmarcial needs are less 
demanding. Thus, high tesperature battery develoiment for aerospace 
applications must consider many approaches that could not be entertained 
for consDsrcial applications. 

Development of high temperature batteries is a non-trivial 
undertaking. It «»ould be inappropriate to attempt to identify the one most 
deserving system that should be given research emphasis; a separate study 
to do this is, in fact, one of the recommendations of this section. Many 
of the candidate systems are identified below, however. An energy density 
of 70 to 90 W-hr/kg should be attainable at full discharge for 
geosynchronous orbit missions. With design to a maximum depth of discharge 
of 70 percent, a usable energy density of 49 to 63 W-hrAg should be 
attainable. In making these energy density projections, the following 
process was used: 
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1. Projections were made basad on application of high 
temperature alkaline metal batteries now under 
development, with allowance for aerospace design needs 
and rate requirements. 

2. Theoretical energy density of several other candidate 
battery systems not under development was found to be 
equally high, suggesting that similar useful energy 
densities might be obtained if the R & D problems were 
solved. 

Candidate High Temperature Batteries include: 

1. Li-kl/PeS^. Argonne National Laboratory is developing 
this system. Operating temperature is 450-475 ®C, 
using a LiCl-KCl molten electrolyte. Hundreds of cells 
have been tested, but progress has been slow. On the 
order of 35 million has been spent on this system, 
providing a reference point to the cost of technology 
for high tenq>erature batteries. Many basic technical 
problems remain with this system. Indications are that 
this is not an inherently long life system. Ability to 
discharge efficiently at the rates needed for GEO is 
also a problem, and the relative capacity at typical 
S/C rates is low ( see Figure 2.44). 

2. Li^Si/PeSj. Rockwell^ ^ and have done the 

most work on this system. Operating temperature is 
450-475 ^C, using a LiCl-KCl molten electrolyte. Work 
is at an early stage, but results so far are somewhat 
encouraging. One of the major problems is capacity 
fading of the upper voltage plateau. Ability to 
discharge efficiently at the rates needed for GEO is 
also a problem. 


VOLTAGE (VOLTS PER CELL) 
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Figure 2.44. Typical Discharge Voltage for a LiAl/FeS2 Battery. 
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3. C&2S1/F«S2. Argonn* Labs is working on this systws, 
which is in an saxly stags of davslopnant . ^ ^ Ths 
noltsn slectrolyts is a feur-part mixtura of Licl-Naci- 
CaCl 2 -BaCl 2 > Though work with this systan is just 
baginning, it has bean found that high solubility 
sulfur spaclas ara not formed in tha alactrochaadcal 
raactions at tha poaltiva alactroda, so long lifatimas 
■ay ba possibla. 

4. Na/S. Large programs have baan underway all over tha 
world on sodium sulfur battaries.^^^^^ Bata-alumina (or 
its derivatives) is used as tha solid, ionically 
conductive ceramic separator. Both sulfur and sodlua 
ara in tha liquid state. Harglnal durability of tha 
ceramic separator is a major problem with this system. 
Ability to discharge efficiently at tha rates .needed 
for GEO is also a problem (Figure 2.45). 

5. Na/SCl 3 AlCl^ . This system is a recent entry into high 

tesiq>erature batteries . ^ ^ An advantage is tha 

unusually high voltage (4.2 V). Tha relatively low 
operating temperature of 255 °C is an advantage for 
commercial applications, but may be a disadvantage for 
aerospace use because of the low conductivity of tha 
beta-alumina separator at such temperatures. The 
system's good reversibil.ity, over 400 cycles so far, 
compels that this fystem be given serious 
consideration, however. 

b. Na/SbCl^. This cell is referred to variously as the 
sodium chloride cell (NaCl is part of the discharge 
product) or the antimony trichloride cell. This system 
operates at the especially low temperature, for molten 
salt systems, of 200 ®C, where corrosion containment 
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Figure 2.45. Sodium-Sulfur Battery Efficiency. 
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and aaal problraa ara ralatlvaly mild. Th« low 
conductivity of bata-alvdnina alactrolyta at this 
tamparatura is a disadvantaga . Thara is sons promisa 
of good eye la lifa with this systaa, howavar. 

7. Li/TaCl^. High cost of aatarials has contrihutad to 
lack of cosaMreial intazast in this systaa, which 
oparatas at 400 ^c. Good cycla lifa justifias its 
appraisal for aarospaca usa. 

8. Na/Sa. To tha knowladga of this writar, no 
aiQ>ariBiantal work has baan dona on this systam. 
Salanius and sulfur ara in tha sasw family, and much 
work on sodiuBV'sulfur battarias should ba diractly 
transfarabla. A highar pewar dansity should ba 
attainabla with salanium than with sulfur. 

9. K/S. Tha thaoratical anargy dansity of this systam is 
nearly tha same as tha sodiuav'sulfur systam. If a 
solid alactrolyta can ba developed which is a good 
conductor of potassium ions, than this system could ba 
worthwhile . 

10. Li/Sa. High energy density and high power dansity 
should ba possible with this system. High cost and 
limited availability of materials may not ba a major 
problem for space use. 

11. Li/Ta. Tha short supply of tellurium has discouraged 
coBBiarclal devalopmant of this promising systam. 
Otherwise, the system has good prospects and should ba 
evaluated for aerospace use. 
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12. B«/N1F. High «n«rgy density and ravaraibllity of this 
systM Buggsst It fox consldoratlon for asrospaca usa. 
iTia aoltan salt alactrolyta is a aixtura of fluorida 
salts; oparation is at about 450 °C. 

13. Ba/AgPj' High anargy dansity and ravarsibility suggast 
considaration of this systan for aarospaca usa. Tha 
aoltan salt alactrolyta is a aixtura of fluorida salts; 
oparation is at about 450 ^c. 

14. Ca/N1F2. This is an all solid stats battary systam, 
using dopad CaP 2 as tha alactrolyta. Oparation is at 
about 450 °C. Iiqprovaawnts in conductivity ara 
naadad. Tha fact that tha systaa is all solid stata is 
of graat Intarast from a Ufa and raliabllity 
standpoint . 

RacoBMndad rasaaxch on high taaiparatura battarlas is susoMirisad as 
follows t 

( 1 ) A study should ba nada of all candldata high 
tanparatura battary systans to dataralna raalistic 
anargy dansltias to ba aiqpactad and to datanina thosa 
systasui bast dasarving of rasaarch. This should 
includa couplas currantly not undar davalopaMnt. 

( 2 ) NASA should davalop sj^rtisa in high tasg>axatura 
battarias and astablish a long-ranga prograsi. 

(3) NASA should astablish a program on supar- ionic solid 
stata conductors for usa in davalopsMnt of high 
tamparature battarias. 
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Batt«ry-R«lat*<S Topics t Rssssrch In battsry systsas should not only 
includs ths snsrgy storags dsvlcss, but should also includs Itsas related 
to the entire system. Two such Items to be mentioned briefly In this 
regard are auton«Dous operation and reliability. 

There are a variety of reasons tihy power systems should limit their 
dependence upon ground control for their well being. These include lacK of 
continuous contact with the ground, ground system outages, high cost of 
ground crew surveillance, and need at times for fast response. It is 
necessary, therefore, to develop systems Which monitor state of health of 
batteries and use this information in automatic on-board control of the 
batteries and, in fact, all CM^>onents In the electrical power system. 

This will require the developsient of new tools for monitoring and 
determining the state of health of batteries and will require also that 
battery systems be configured In ways that failures and problems can be 
compensated for and the effects of failures minimized. 

Reliability considerations dictate that failure of sobm battery 
^ells should not necessarily result In failure of the entire battery. To 
design battery systems so they will degrade gradually rather than fail in 
relatively large increments, it is necessary to do a considerable amount of 
switching. This is inordinately heavy with cemyponents available today and 
requires the development of lightweight switching. MultiXilowatt 
spacecraft will have dozens of batteries, chargers, regulators, and other 
power components, and the problem of switching becomes formidable. Solid 
state switches, which are a close equivalent to relays, are needed. Such 
developments would greatly improve reliability and life, for failed battery 
cells or modules can store easily be switched out. 

Two important devices which are keys to this development are (1) the 
inverted transistor, which has a voltage drop less than 0.1 v, but, 
unfortunately, has too low a breakdown voltage (less than 9 V); and ( 2 ) V- 
MOS power FET's, which have high breakdown voltage (35 to 90 V) and low 
leakage current when off (0.5 micro-airpere ) but too high a resistance when 
on (about 1.4 ohm at 1.0 ampere). Research to improve these two devices is 
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neftded, with the aio of using then for lightweight s%ritchlng (see Section 
2.5). 


Recomnended research on battery-related topics is siinsinrized as 
follows : 

( 1 ) Develop nethods for monitoring batteries and 
determining their state-of-health . 

( 2 ) Develop ways to use battery state-of-health information 
and apply it to the development of autonomous operation 
of battery systems. 

(3) Develop lightweight switching for reconfiguring cells, 
battery modules, chargers, or other components %dien 
failures occur. 


Ambient Temperature Lithium Batteries: Much »f£fort has been 

directed nationally to the development of high energy density secondary 
lithium batteries. NASA also has a good sized program on this. 
Intercalation systems predominate in all research programs with major 
emphasis given to the following systems: Li/TiS 2 ; Li/MoS^; Li/VgO^^' 

Li/CuC02S^. 

Maximum cycle life is about 150 to 200 cycles. There are apparent 
limitations on cycle life due primarily to reaction of lithium with the 
electrolyte. There sure reseaurch directions that could be taken to cope 
with this pr^lem, but these are not being pursued in the NASA program. An 
equally serious limitation is on the reaction rates of ambient tMrperature 
lithium batteries - they cannot be di.scharged anytdiere near the rates 
required to support spacecraft during eclipse periods. 

It is concluded that ambient temperature lithium secondary batteries 
are not appropriate for NASA's main needs. It is recommended that the 
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current NASA prograa on this subject be redirected to avenues More likely 
to meet the NASA future energy storage needs. 

Recomnendations in ambient temperature lithium batteries are 
summarized as follows: 

The current NASA research program on ambient 
temperature lithium secondary batteries is not 
ai^ropriate to NASA’s main needs, so this work lOiould 
not be continued. 


Primary Batteries: Hany high energy density prisary battery systems 

are available today, especially for low rate r'iSi>arge. In addition to 
military funding of such work, much privately funded research and 
development is occurring in the industry because of the commercial econosiic 
importance of such systems. Primary batteries have a number of NASA 
applications, but these appear not to be mission enabling. As such, lairge 
research activities in this areas cannot be justified. 

In spite of all the activity in high energy density batteries, few 
of these new systems are qualified for space nor have they all been 
investigated more than superficially for reliability and safety. Also, 
insufficient data is available on these new systems. Comprehensive safety 
and performance verification is needed for lithium batteries in smnned 
applications, such ais the shuttle. 

One important problem is the need for a method to determine the 
state-of-charge of lithium primary cells without discharging them. It is 
useful to know whether a battery planned for flight is fully charged, as 
eiqpected. A prcHsising approach for assessing state-of-charge is the use of 
special pulse discharges, carefully controlled and analyzed. 

Another need is the development of small aerospace quality lithium 
primary cells for electronics memory retention, an appl .cation that will be 
much used in the future. Mass produced commercial cells are presently 
considered unsuitable for aerospace applications. Although there are other 
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ways to provids backup elsctric power to aicroprocsssors, the priaary cell 
can provide independent power that cannot be interrupted and tdiich does not 
require additional power processing and distribution. 

Recommended research on primary batteries is sussiarized as follows: 

1. Research on safety should be conducted on those lithium 
battery systems currently planned for NASa manned 
missions, such as the shuttle. 

2 . Research should be performed to develop a non- 
destructive state-of-charge test for lithium prisiary 
cells . 

3 . Aerospace quality primary lithium cells should be 
developed for electronics memory retention 
applications . 


Battery Assessment Summary; Based on technology available today, 
nickel hydrogen batteries are the best approaches for both GEO amd LEO 
missions and are used as the basis of comparison. Performance attainable 
with today’s technology is summarized in Table 2.21. Improved nickel 
hydrogen batteries offer the best pr<»iise for future LEO missions. High 
temperature batteries and silver-hydrogen batteries offer the best promise 
for future GEO missions, although the prospects for advanced nickel- 
hydrogen batteries are also quite good. Performance of these systems 
judged attainaJole with research is also summarized in Table 2.21. 

Silver-zinc and nickel-zinc batteries show insufficient promise to 
warrant research. Nickel cadmium batteries will continue to be important 
to the apace program. Although their improvement would not be enabling, 
continuation of research on them is worthwhile. Research on nickel- 
hydrogen batteries is especially worthwhile, particularly on the nickel 
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electrode. Silver-hydrogen batteries should also be researched, at least 
until definitive answers can be given on prospects for this system. 

2. 3.7.2 Reaenerable Fuel Calls Aaaeflament 

Due to the high energy density of the reactants hydrogen 2Uid oxygen, 
the development of light %reight hydrogen-oxygen fuel cells has been made 
possible. The reactants are stored externally as either liquids or gases 
and plusdsed into the fuel cell. Practically all fuel cell applications to 
date have been as primary systems; that is, reacting to generate 
electricity and the product water. 

Regenerable fuel cells not only generate electricity but also 
reverse the process, converting the discharge product electrochemically to 
the initial reactant state through the consua^ion of electrical energy. 
Emphasis on regenerable fuel cells has been with the hydrogen-oxygen 
system, though the hydrogen-bromine system and the hydrogen-chlorine system 
are also candidates. The regeneration can take place either in a separate 
unit, usually called the electrolyzer, or in the fuel cell using 
bifunctional electrodes. 

In spite of all past studies, it is still uncetrtain whether the 
regenerable fuel cell is advantageous over batteries for future high power 
applications. A complexity of factors must be skillfully considered in 
such an evaluation, and this has not yet been done. Weight alone is not a 
sufficient criterion. It should be noted that prior studies have been 
directed at IiEO rather than GEO, which has the more important energy 
storage problems. Therefore, it is recommended that information generated 
in past studies be revie%md, supplemented as necessary by additional 
information, and an evaluation made. Reci:imasndatione should be made to 
either continue the present NASA prograun, modify it by concentrating on 
critical items, or to abandon this effort. The following factors must be 
Considered in this evaluation: 
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1. Sufficient redundancy and automatic control auat be 
included in the fuel cell eysten to make the overall 
reliability high - comparedsle to batteries - and 
provide a reasonable degree of autonomy. 

2. Batteries used for comparison should not be those 
available today but those aidvanced batteries Which 
could with reasonable confidence be developed in the 
same tiase period. 

3. Suitable means must be used to evaluate the impact due 
to the fuel cell req[uiring greater developsient and unit 
cost, more frequent resupply, and greater required 
solar panel area as coiq>ared with batteries. 

4. valid results must be established for GEO, recognizing 
that prior studies have been directed at l£0. 

5. An assessment of the hydrogen-bromine regenerad>le fuel 
cell system should be included because of its higher 
energy and potentially longer lifetime. 


Recommendations with regard to regenerable fuel cells are summarized 
as follows: 

( 1 ) A review should be made of all past studies on 
regenerable fuel cells, and comparisons made against 
advanced batteries. 

(2) Valid results must be established for GEO. 

(3) Recommendations should be made whether or not to 
continue the NASA regenerable fuel cell program. 
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2. 3. 7. 3 FlyWh— la 

Plywh4«l8 ar« a g«n«ric class of «n«rgy storaga devices Where the 
energy storage is proportional to lu , where I is the e o ee nt of inertia and 
u is the angular velocity. Energy extraction can be achieved nost easily 
as electrical power. Several technologies have evolved for extraction, 
including conventional generators, honopolar generators, and cowpulsators, 
in order of decreasing extraction tine. The rotor and support technologies 
are reviewed below, followed by a brief discussion of several proedsing 
extraction techniques. 

ROTOR 


For any given systen parameters, flywheel system energy density is 
roughly proportional to that of the rotor. The energy per unit weight 
which can be stored in a flywheel rotor is directly proportional to the 
allowable stress-to-density ratio obtainable in the material. For an 
isotropic constant strength material, such as some metals, the mathematical 
solution to a constant-stress optimised wheel derived liy Stodola in 1924 
still represents the state of the art.^^^^^ This gives a wheel a thick hub 
with an exponentially thinning rim, which is truncated in various ways for 
a practical design. However, real materials are not uniform in allowable 
stress because their properties vary with thickness due to the hardening 
and forming processes used. Therefore, a better optimum could be realised 
by including this dependence in the mathematical optimisation of the 
shape. However, there is little reason to believe this optimum will 
significantly improve on the present designs ( 8 W-hr/lb obtained with 
titanium Stodola wheels). One such Wheel system with mechanical bearings 
was developed by Rockwell and delivered to NASA-Langley Research 
Center ^ 

Composite filament wound materials are anisotropic; their properties 
(strength, stiffness, etc.) vary with orientation. Tensile strength is 
very high in the direction of fiber length, but the normal strength and 
shear strength are quite small. Therefore, it is possible to create thin 
hoop-shaped structures filament or tape winding processes which have 
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primarily cxrcumfarantial strength . Thin hoops hava baan built and tastad 
which demonstratad 80 to 90 W-hr/lb using Kevlar. Rowavar, attamps to maJca 
the hoop radially thicker produce radial stresses in the traak direction, 
and failure occurs at lower energy densities. This is often aggravated by 
locked-in thermal radiaD. stresses due to processing problMs. 

The result is that disc or hollow cylinder designs tend to break 
radially if a significant fraction of the circumferential design strength 
is used. Simple solid, circumferentially wound discs of Kevlar cosgmsite 
actually have not achieved as good an energy density as isotropic metal 
wheels. S-glass, which has somewhat better transverse characteristics due 
to a more developed method of bonding fiber to matrix, does sosmWhat better 
but is still not impressive for solid discs. Goodyear Aerospace is now 
working on improved matrix characteristics for Kevlar wheels.^ Rockwell 
has done rather %#ell with graphite-epoxy composites . ^ ^ 

One approach to solving this problem is to put an outer radial fiber 
wrap of Kevlar on the rotor after the circumferential inner hub is cured. 
This adds some radial strength and helps ceurry the radial loads on the 
inner matrix material. At present, it is not clear that the outer wrap 
does not create more problems than it solves by introducing discontinuities 
in the radial properties. 

A second approach being tried is to build up a radially thick 
structure out of thin hoops which are discontinuous and thus strain- 
relieved at their interfaces. By using a nusd>er of concentric thin hoops 
in a bicycle-wheel shaped assembly with flexible spokes, Garret-AiResearch 
Corporation has achieved an is^ressive 31 w-hr/lb performance on a number 
of Kevlar rotors storing from tens of W-hrs. to several kilowatt 
hours. The precise method of bonding concentric rings together at 
Garrett is proprietary but involves preloading fiber tension and ring 
interference fits held together by friction. However, these structures 
were test devices and need to be evaluaLed for flight criteria. A 
variation of this approach using concentric rings of different properties 
tied together with elastomers has been plagued with dynamics problems. 
Dynamics problems broke the wheel-hub bond in one Garrett wheel. 
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A third Approach la to twava tha flbara In tha rotor in diffarant 
directions so as to give tha structura strength in the radial and axial 
directions as well as the circumferential. This requires a three- 
dimensional "polar weave" capability udiich General Electric's RBSO facility 
and others have developed for nose cones. <SE has produced several Kevlar 
rotors of this design and expects to achieve 50 W-hr/lb with them, but has 
not yet tested them beyond the 5 W-hr/lb level. 

A fourth variation, used by AVCO and developed to about the same 
point over a longer period of time, builds up a radially thick flywheel by 
using a two-dimensional weave to get circ\imferential and radial strength 
and then laminates these together axially.^ ^ 

All four of these approaches are currently under test and should 
show 20 to 40 ir-hr/lb performance if design expectations are achieved. 

The most promising current es^riiMnts with anisotropic rotor design 
are being done at Johns Hopkins Applied Physics Laboratory.^ Qsing bare 
filament Kevlar and other materials, rotors are wound without glue on a 
metal hub. Spo3ces of the same material are wracked through the hub, around 
the periphery, and then glued to give some radial and axial strength to the 
wheel . The resulting rotor is attached to a thin shaft with a metal and 
nabber shock mount to aillow self-centering. Results have reached 30 to 
40 w-hr/lb in this solid disc configuration, in spite of problems in 
bonding spokes to circumferentials . Due to the lack of glue on the 
circumferentials, the potential hoop strength is nearly double other 
designs. 

In summary, the cosposite rotor represents a technical risk but 
appears well worthwhile as a weight-savit.g advantage and an advance in the 
state of the art for energy storage. 

The information presented at the 1980 Flywheel Technology Synposium 
showed that flywheel designs are numerous and varied. Composite rotors 
are typically achieving energy densities of 20 to 30 W-hr/lb. Future 
developments should double the energy density of these units before 
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nat«rlal« linitatlona bacoM doalnant. Tasting to data is suaBarisad in 
Pigura 2.46. 

Based on this data, it appaazs that rotor dav^lopwant is procaading 
in a satisfactory stannar and that rotors will soon ba availabla which arat 

1. Raasonably light (40 to 60 w-hr/lb); 

2. Salf-pulvarising (no high anargy panatrating 
fragnants at failura). 

Flywhaal *y*»*«« can ba assusBd froa pravious studias to waigh twica 
the rotor waight, including alactronics and supports. 

NA<»ETXC BEARINGS 

Tha magnatic baaring raprasants a significant isiprovasant in tha 
long-tara raliability and lifatisM ai^actancy of high spaad spinning 
ass«Eblias. A combination of parmanant aagnats and alactromagnats is usad 
to lavitata a rotor batwaan tha polas of tha magnatic baaring. Tha 
rasulting structura has no contacting surfacas to raquira lubrication. Tha 
baaring is lisiitad in forca dansity by tha aagnatic saturation 
characteristics of iron so that size, waight, and power are donanatad by 
tha need to support tha rotor in a 1 G environment. Zaro-G applications 
are an axcallant match for these bearings. 

In addition, a magnetic baaring is a "soft" support in that its 
restoring spring constauit is relatively weak compared to mechanical 
bearings. Therefore, such a system is characterized by clearance 
dimensions measured in mils or tans of mils rather than tVta tans of micro- 
inches typical of conventional ball bearings. Such soft bearings 
affectively isolate rotor frcm* mounting whan imbalance vibrations occur. 
Also, they allow a relatively crudely balanced rotor to spin about its 
principal aucis with minimum effect on the system performance. However, the 
low stiffness places lim- the allowaible cross-axis spin rate which 

causes lateral torque or. ;.e spinning flywheel. 
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ht pr«Mnt, ••v«ral gyro «nd w amntvm t^hMl az« investing in 

nagnttic bearing tachnology to apply than* baarings to Inartlal 
navigational aystanui and laxga ■oaMnttai whaala. Caabion corporation, Which 
invantad tha aagnatic baaring and hao accumlatad a long racord of 
innovatlona in this fiald, haa ratrofittad savaral whaals for Bandix in tha 
hopa of intarasting bom ctistoMra of Bandix systaas in an axpariaant 
proadsing longar llfatiaas and, avantvAlly, hlghar spaads.^^^^ Sparr^r-ltand 
Corporation, Flight By s tSM Division, haa davalopad a considarabla in-housa 
■agnatic baaring crpability and has daval^ad thasa baarings for its 
momanttm whaals to axtand thair lifatiaa.^^^’^^ 

Most work at Sparry has baan with radially passiva, axially activa 
paraanant aagnat systaas for ■ oMntua whaals. Rathar larga staal rotors 
hava baan floatad using this systaa. 

Aarospatiala (Franca) has davalopad a pamaanant aagnat baaring for a 
nc»iantuB whaal with a coir^sita rotor. This radially passiva, axially 

activa systaa has ralativaly high input powar raquiraMnts, dua in part to 
tha iabalancas froai a cos^osita rotor and In part froa tha aany aagnatic 
coaponants in this dasign. It includas a passiva aagnatic daapar for 
oscillations about tha transvarsa diractlons. This whaal dasign is an 
aabitious usa of savaral naw tachnologias with a rathar coaplax 
iaplaaantation. It is tha aost davalopad unit of its kind, and has baan 
qualifiad for COKSAT. 

Taldix (Garaany) has a Mtal whaal with 5-axis activa aagnatic 
baarings . ^ ^ This allows liaitad aagnatic giaballing of tha rotor by 
changing tha sat points of tha transvarsa position loops. Tha limit is tha 
■axiaua gisibal angla, dona to saall claaranca in tha aagnatic gaps. Tha 
MDR sarias whaal at lOO IMI-S has a t 1/2** giabal capability, and has aany 
colls for sansors, baarings, and motor which ara singla-point failuras. 
Howavar, enginaaring radial whaals with 1.2^ giaballing and fully radundant 
coils hava baan built (not qualifiad) and daaonstratad automatic fault 
correction. The MDR wheal, flight qualifiad for COMSAT, appears to be a 
very well-engineered unit, clearly implemented and easily inspected or 
repaired. The bandwidth of its servo loops is set by the wheel nutation 
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frsquonoy, and la not too bucIi lowar than tha coapazabla paraanont aagnat 
aystan dua to high (16K rpa) ahaal apaad. Othar aanufacturara of hl^- 
apaad rotating aquipaant ara aoving aora alowly in applying thaaa 
baaxlnga . 

A fundaaantal atatraant darlaad froa Maaewall'a aquatlona, known aa 
EaxnahMf'a Law, atataa that no atatic aaaaa2>ly of paxaanant aagnata and 
farxoaagnatic aatariala will auapand a dawica in atahla a<mlllhrlui. Thia 
aaana that at laaat ona dagxaa of fraadoa of tha rotor in a aagnatic 
baarlng ayataa auat ba atabilizad by aetlva faadback alactronica. 

Paaalvaly stabla bahavior can ba obtalnad axially (along tha apin axia) or 
radially ( parpandicular to tha apin axia) but not both. For anargy atoraga 
it appaara that a paaaiva-radial, activa-axial ayataa will allow fully 
radundant alactronica and alactroa*gnata to ba uaad with a aiapla 
arranganant . Tha radially paaaiva containaant can ba achiavad with 
paraanant aagnata whlla alactroaagnata at aach and of tha ahaft ara uaad 
for axial stabilization. Propar daaign allowa aithar alactroaagnat to 
parfora tha function if ona should fail. Kay daaign paraaatars ara low 
walght and raalization of tha potantial for low powar. Thia daaispi 
raprasanta stata of tha art anginaaring uaing saaariua-Cobalt paraanant 
aagnat aatariala in waya %>hlch do not axcaad thalr liaitad atraaa 
capabilitias . 

Tha Lincoln Expariaantal Satallita (UES) flywhaal ayataa was 
concaivad and daaignad vm a co^ponant to aupply atoraga of anargy and 
angular aoaantua in an axparlaantal coaaunicationa apacacraft. A taat bad 
ayataa and braasboard «#ara built and taatad.^^^^^ Tha braaaboard baaring 
ayataa was dasignad to support a 25-pound apacacraft rotor. It prowidas up 
to 200 pounds of lift in tha wartical diraction. Tha alactrical powar 
dissipatad in tha baaringa is a total of ona watt for a 200 pound aaas. 

Tha Btaasurad drag in tha braasboard baaring ayataa, without aotor- 
ganerator, was 9 x lo'^ inch-ouncas par rpk. This would allow anargy 
storaga ovar a pariod of four months bafora 90 parcant of tha anargy was 
dissipated in bearing drag. 
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Th«r« «pp«ar to bo oovorol limiting itomo in oi^loblo mognotle 
boaxlng dooigno. Tho first is comploxity. For oituotiono Which do not 
allow tho powor diooipotlon or cocplox circuitry of 5-oxlo octivo oystomo, 

* rodlolly pooolwo, oxially activo pormanont magiMt oChomo looks most 
attractive. Bowovori tho Aorospatialo systom with this ond in mind was 
still vary coo(plox duo to ooparato boarings for oaeh diroction and sopaxato 
magnotic daspors and oonsors. Tho Sporry boaring looks sisplcct, yot ovon 
it has throo magnotic loops and a rolmtivoly hoawy and oosplOK magnotic 
polo structure. An Im p ro v osmnt in magnotic flux topology with plenty of 
iron in tho polo pieces to allow low drag from flux nonuni formitios appears 
possible. The MIT/LL magnetic bearing was an attespt to achieve this 
improvement . ^ ^ 


weight is another limit. Many magnetic bearing designs weigh more 
than tho supported shaft and tdieol. A great deal of weight SK>ears often 
to be associated with the bearing station support to avoid beading mode 
coupling to the stabilisation loops. By placing sensors very close to the 
magnetic coils and yet truly axisysmmtric to avoid shaft runout signals, it 
is possible to drastically reduce this weight. 


The third limitation is bandwidth. This is determined by the 
instability in position due to use of permanent magnets for power 
minimisation, wide bandwidth is required for a very stiff bearing with a 
large ratio of active-axis to passive-axis stiffness. This implies a heavy 
structure and interaction with other spacecraft structural elements. 


Finally, the drag of a magnetic bearing is inherently determined by 
the nonuniformity of field and the conductance of reacting structures. Tho 
NIT/LL bearing uses geometry of the iron pole pieces to attempt to minimise 
the effects of magnet iron and uses no copper dampers to avoid conductance 
in the resulting structures . ^ ^ 
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TOOCHDOMI BUUtZlK» 

Th* MgiMtlc b*arin 4 « would not bo doolgnod to withotond louiwh 
▼Ibrotion and ohock, powor foiluroo, ox occidontnl toot handling aiohopo. 
Thooo loads would bo obsorbod by o ’’toudhdown" or bockiy^ boll booring which 
■okos no contact with the rotor undor oporoting conditions^ but prowonts 
contact of tho aagMtic coi^nonts and cos^loto failure in caso of aishap. 
This boaring will roguiro caroful dosign to avoid brinolling or brooking 
during a hi^ spood spin down. It aust withstand hi(^ acoolorations 
without significant dotorioration . For largo onorgy Whools, this boaring 
roprosonts a dovolopnont itoa which Sp*r' /, Bondix, or Draper Laboxatorios 
can dosign with existing technology and is an onginooring dovolopasnt itoa 
of relatively low risk. For saallor wheels, tho present MZT/U> dosign is 
adequate . 

CXTRkCTION TECBMIQUES 

The dosign of saall, light, efficient aotor gorMrators is an art. 

Tho key to tho aost advanced designs is to use Saaariua-Cobalt aagnots on 
the rotor without exceeding the stress liaits of the aatorial and to 
ainiaise eddy current losses in the stator windings without sacrificing 
efficiency. 

The Saaariua-Cobalt peraanent aagnet aaterial is relatively new and 
represents a new generation of capability and porforaanco for rotating 
nachinery. Its energy product is an order of aagnitude higher than 
previously available aaterials, and its nigh coercive force lends itself 
well to an ironless araature aachine which will have lower drag than other 
designs. Typical extraction tlaos are on tho order of l second to hours. 
For oxsaple, seventy percent cycle efficiency for a 10-hour charge, 12. i 
hour coast, 1.2 hour discharge is desired for geostationary alssions. 
Rockwell's flywheel uses a GE design and achieves adequate aotor-generator 
performance for these conditions with a very low technical risk in this 
item.^^^®^ The MIT Lincoln Lab effort with Sperry improved the solution to 
the problem using an axial gap ironless armature approach for lowest drag 
losses.^ The MIT/Sperry design uses a special titanium support 
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Structure to reduce stresses on the rotating sAgnets, coabined with a 
structure minisiizing losses and low cost fabrication techniques. 

In contrast to advanced conventional generators such as thos*) 
described above, the hoeopolar generator is designed to extract energy froa 
a flywheel in shorter tiaes of 1 msec to 1 sec long. Disk, spool, and drua 
rotor configurations are used, with the latter providing the lowest stress 
and lowest internal impedance characteristics. Power is taken off by 
brushes in mechanical contact with the rotor (coapleting an external load 
carrying circuit). Conventional or siagnetxc bearings can be used with disk 
and spool type homopolars because they are spun about a cente*: ^ucle. Drua 
rotors are usually supported by gats film bearings surrounding the periphery 
of the device. The Energy Storage group at the University of Texas at 
Austin has developed several homopolar devices; for example, operating at 
0.7 sec discharge times, 560 kA pulses for a total of 5 MJ of stored 
energy.^ Rotor tip speeds are typically 90 to 170 m/sec, and energy 
retrieval efficiencies can be as high as 90 to 95%. The energy storage 
density is soa»what more difficult to estimate since most of the systems 
have not been optimized for low weight. Estimates range from 1 to 2 kJ/kg 
for devices which have been built in the range of 5 NJ to 50 HJ 
storage.^ Brushes are the key area requiring development for extending 
the lifetime and reliability of these devices. 

The compensated pulsed alternator or cosipulsator is very similar to 
the homopolau: generator but extracts power in very short pulses on the 
o.:der of 0.1 to 1 msec. It is best suited for driving caq>acitive or 
resistive loads. Experimental compulsators have been built auid tested, but 
a substauntial amount of development is still required in order to achieve 
projected performance levels of efficient, low inductance, short pulse 
power delivery. Both the University of Texas at Austin and JPL are 
presently conducting research in this area. 
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SHAFT AND HODSING DESIGN 

The Shaft and housing for the flywheel system represent a 
significant part of the system t#eight. They ue to provide rigid mounting 
si'oport for wheel alignment, estimated to be tens of arc seconds to a-'oid 
attitude control Interaction with power demands, and ailso provide a vacuum 
enclosure for ground testing. There is no doubt that these can be built. 
Ose of composite mater iails for lighter weight and, perhaps, fly«#heel 
failure containment could be considered but may be a technical risX. 

SUMMARY OF POTENTIAL 

Flywheel energy storage represents a promising technology being 
actively advanced by current DOE efforts through a program managed at the 
Lawrence Livermore Research Laboratory. In spacecraft applications, it 
provides the following attractive features: 

1 . High energy density ( low weight ) 

2. Independent sizing of po%#er conversion and storage 
elements 

3 . Pulsed high power load capability 

4. Integrated power and attitude control capability 
using antiparallel wheel pairs as diagranmed in 
Figure 2.47 

5. Ability to function reliably in a wide range of 
thermal environswnts , allowing a relaxation of 
spacecraft thermal control requirements 

6. Long life and high reliability 


k 
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H' • TOTAL NORMALIZED 
MOMENTUM 

E'* total normalized 

ENERGY (2 whMit) 


M,,*., ■ WHEEL SPEEDS 
• MAXIMUM SPEED 


SHADED AREA IS ACCESSABLE 
TO COMBINED ENERGY AND 
ATTITUDE CONTROL SYSTEM 


Parameter Relationship 
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K«y pcrfonance paxaaat«rs az* b«at coapazed with atata of tha azt 
N 1 H 2 battaziaa. Thaaa aura dona on a MYatan baa'<a including conditioning 
and contzol elactzonica, ar'd auppozting stzuctuzaa. (K flywhael syataa 
typically waigha 2 to 3 tiaa tha zotoz alona). 

NIH 2 battaziaa can pzov *a a<^ut 6 W-hz/lb (aaa Saction 2.3.5). 
Thia figuza ia tabulatad balow foz pzojactad flywhaal ayatana, at 2 tiaaa 
zotoz waightt 



riMhle 

Burst 

In-use systems 

5 

10 

Reliable components 

10 

15 

R&O items 

15 

25 

Potential 

30-40 

50-60 


Po«MZ density ia alao of intazast. HiH 2 battaziaa pzovida about 
30 W/lb, coaipazad with pazhapa 100 W/lb foz flywhaal ayataaa. Baza, tha 
powez conditioning needed for the end-use ia often included in the flywheel 
circuitry, giving extra flexibility as well as possibilities of AC 
distribution systems. 

Self-discharge rates of 50 hours are possible with NiH 2 systems, 
whereas flywheels can reach lo%rer drag levels and longer hours if tha powar 
requirements and resulting motor-generator losses are small. Lifetimes of 
3 to 6 years in LEO, and 10 to 15 years in geosynchronous orbit are 
comparable, although flywheel lifetimes are not proven at present due to 
lack of magnetic bearing experiments. 
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2. 3. 7. 4 Thermal /ffh—^gal Enaryy Storaqa TachtMaloalaa 
THERMAL ENERGY APPLICATIONS 

Most thernal energy needs on spacecraft (e.g., for preventing liquid 
propellants froa freezing) are currently being satisfied by proper themal 
aanageaent of incident solar radiation as long as the spacecraft is close 
enough to the sun. To a lesser extent, electric resistance heaters are 
used to prevent propellant freezing or to maintain temperatures of other 
critical components (e.g., electronics package, vidicons, sensors) within a 
range of normal operating temperatures. Electric power for these auxiliary 
heaters is usually derived from solar panels or, as in the case of VIKING 
Lander and VOYAGER fly-by missions, from radioisotope thermal generators 
(RTGs). The consideration of nuclear energy for po%rering Earth satellites 
has apparently been discontinued for civilian NASA missions. For this 
reason thermal and thermochemical storage may gain Increased importance for 
solar powered near-Earth orbital missions. 

Another less frequent use of themal storage using phase change 
materials (PCM) is not for the purpose of povrer generation but for the 
purpose of passive thermal control. In this mode the PCM provides cooling 
instead of heating and prevents the overheating of delicate spacecraft 
components. A low-temperature PCM canister containing n-heptane and 
methylethylketone has already been used on operational satellites and has 
helped to delay an undesirable warming trend.^ 

Extending cooling requirements (as opposed to heating or power 
generation requirements) to even lower temperatures, energy storage schemes 
are sought which will allow the maintenance of cryogenic temperatures for 
Infrared sensors or for superconducting magnets in space. Sev.''ral of the 
metal hydride reversible chemical reaction systesis can be us^.d for cooling 
cycles , 


The rapidly g''owing area of space processing brings with it new 
requirements for thermal energy in LEO Space Shuttle/Spacelab 
missions.' ' Potential products produced in space are large single 
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cryatals, naw Mtal alloys, asid aamlconductor matarials. Raw aatarials 
could b« meltad by placing than diractly into tha focal point of a solar 
collactor or by circulating a hot fluid which has previously baan haatad in 
a soleu: racaivar. In ordar to achiava tha dasirad uniformity of crystal 
structura ( fraa from contaminants and faults or with a carafully controllad 
amount of dopants and lattica dafacts), tha cooldotm has to procaad vary 
slowly and may raquira savaral Earth ravolutions. Ramoval of haat from tha 
procass vassal by simply radiating it away would rasult in variabla 
cooldown ratas, dapanding on whathar tha spacaoraft is in tha Esurth's 
shadow or not. Exchanging haat with a circulating molten salt coolant from 
a thermal storage system will allow uniform cooldo%m ratas and will rasult 
in a more reproducibla product. 

Other thermal energy raquiremants which have so far (on 
comparatively short orbital missions) baan satisfied with electric power 
are for life support and waste sumagament systems. Up to this time there 
have been no attempts to regenerate oxygen and water from space cabin 
atmospheres or human wastes on previous space flights, although closed 
system simulation tests have baan conducted on tha ground. Sufficient 
water and oxygen was carried on board tha spacecraft during APOLLO and 
SKY TAB to last for the entire mission. It will be inevitable to use CO2 
auid waste regeneration on long-term missionc of the future, even in LEO or 
GEO. Thermal energy is required for reducing CO2 to breathing oxygen and 
to reprocess wastes to obtain potable water. These chemical processes 
operate best in a steady state mode. On-again, off-again operation when 
operating the system with direct solar input would result in a very 
inefficient system. Thermal energy storage would level the cyclic heat 
input and allow the C02/waste reprocessing sys\:em to operate at a constant 
load. 


Up to this time solar thermal electric conversion (STEC) power 
plants have not been used in space, although the high intensity of incident 
solar radiation and the freedom from atmospheric effects (clouds, haze, 
dust, wind, thermal convection) would ma)te the space environment ideal for 
STEC power plants. STEC technology is currently being developed for 
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t«rr*Btrlal applications in dsssrt clinatss. Soam of ths dsaonstration 
plants (e.g., Barstow, California) will includs thsrmal storage as sensible 
heat in hot oil and hot rocks, in order to compensate for ten^rary loss of 
insolation due to cloud cover emd in order to allow extended operation into 
the evening hours when the desiand on the utility grid is high. 

GEO orbits for solar space power systems (SSPS) using STEC (those 
which eure meant to beam power to Earth) are chosen such that sun 
occult at ion is minimal. For stations operating in UO (with frequent sun 
occultation) and generating power for their own needs, the question of how 
to provide a constant power output by the oi.-board generator has to be 
answered. If the station uses STEC in LEO, a thermal energy storage buffer 
would allow the power plant to operate at constant output. The mode of 
thermal-to-electric conversion is irrelevant for the discussion here. It 
could be either a steam Rankine, mercury Rankine, potassium Rankine, or hot 
gas Brayton cycle for shaft po%rar, or a thermoelectric generator. Vfhatever 
the temperature requirement of the conversion cycle may be, a thermal or 
thermochemical energy storage method can be found and adapted. 

All applications listed above are of the load/ input leveling type 
(Figure 2.48a). In addition to load leveling, energy storage can also be 
used to satisfy peak power demands (Figure 2.48b). In this mode of 
operation, storage is charged over a long period of tise (probably several 
revolutions) and all accumulated energy is used to provide power for a 
short peak load, e.g., high intensity transmissions, cosmiunication with 
distance spacecraft or home base, or pulse po%^r applications with beasied 
energy. 


Although a Rankine or Brayton STEC po%#er system is more ^osiplex thaui 
photovoltaic arrays, there are several potential advantages to such a 
system, in particular when it incorporates thermal storage: The system is 

not susceptible to radiation dauDnage, and it could operate in orbits which 
are currently avoided by satellites because they pass through the Van Allen 
belts. This applies to orbits with constant altitude as well as to 
spiraling orbits flown by heavy payloads with electric propulsion for 
transfer from LEO to GEO. Furthermore, a STEC system can be built more 
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Figure 2.48 (a). Thermal Storage for Load Leveling. 
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Figure 2.48 (b) . Thermal Storage for Peak Power 
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compactly than a solar PV array. It is lass suscsptibls to ats»sphsrlc 
drag in ths lower Earth orbits. It is also lass likaly to ba datactad by 
unfriendly forces because it would offer a ssialler visual or radial cross- 
section. The rotating machinery reliability limitations would not apply to 
thermoelectric or thersdonic converters. 

THERMAL ENERGY STORAGE MVTROOS 

Thermal energy storage methods include storage of heat in solids and 
liquids as sensible heat and in phase change materials (PCMs) as latent 
heat. 


Both BMthods of energy storage au:e currently being evaluated for 
Earthbound stationary energy storage. PCMs have also been considered as 
energy storage for road vehicles. A common disadvantage of both sensible 
and PCM thermal energy storage is that because the storage siedia have to be 
stored in the hot state, heat losses are inevitable and the amount and 
quality of energy available decreases with time during periods of standby. 
These types of energy storage systems are therefore suitable for short-term 
storage only. Typical heat losses from large (>100 NNh), well insulated 
systesis aire of the order of 1%/day. For Earth orbit applications, such 
losses are nearly negligible. Vacuum in space will aid in achieving low 
thermal conductivities of multi-layer insulations. In addition, the 
absence of convection due to lack of gravity will eliminate one mode of 
heat transfer ai.d heat loss. Heat losses by radiation and conduction will 
persist regardless of ambient pressure or gravity. 

Evaluation criteria for themtal energy storage siedia are storage 
capacity (J/g) and storage density (J/cm^). The energy storage system is 
characterized by the so-called roundtrip efficiency 

Energy out - [ (parasitic power during discharge) * (discharge time) ] 

* Energy’ in +[ (parasitic power during charging ) • (charging time)] 

This roundtrip efficiency is usually below c.5 because of pressure drop, 
heat losses, and reduction of energy value ("availability") if the outlet 
temperature is below the inlet temperature. Roundtrip efficjency depends 
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on th« mlaslon duty cycl* (chargaidlach&rg* ratio, Charging tlaa, dagraa of 
charge, dlacharga tima, degree of diacharge). 

Up to thia time, thermal atorage syatema were not extenaively uaed 
on Earth becauae prime energy aourcea (coal, oil, gaa) were thought to be 
abundant and uaed to be cheap. Only recently increaaed emphaaia haa been 
placed on thermal (and thermochemical ) atorage aa a meana to utilise cyclic 
energy aourcea (aolar, induatrial cyclic waate heat) or to make better uae 
of exiating power ayatema (load leveling and peaking power). Thia haa 
reaulted in recent advancea in the atate of the art, the Implicatlona of 
which have not yet been fully eiq>lored for potential space applications. 

Sensible Heat Storage t Sensible heat storage systema have the 
disadvantage that heat is given off ( and accepted during recharging ) at 
varying temperatures; thus the discharging (charging) efficiency varies 
significantly with the state of charging. The amount of energy stored 
increases with the width of the temperature span within which the heat- 
using system can operate. Typically, the system requires the temperature 
to be aa uniform aa possible. Sensible heat storage systema are available 
for a wide range of temperatures ranging from hot water to hot oil, molten 
salts, or hot bricks. Molten salts are used extensively aa heat transfer 
media ( e.g. , Hitec^® ) or heat treatment salts for the quenching and 
tempering of alloys ("draw salt"). A significant asiount of data on molten 
salts has been accumulated as part of the evaluation of molten salts aa 
coolants for nuclear fission reactors ( Oak Ridge National Laboratory ) . 
Generally, the storage capacity of sensible systems is below that of either 
PCMa or thermochemical systems. 

Phase Change Materials t Am opposed to sensible heat storage 
systems, PCM heat storage systems operate at a more steady tesyperature . 
Ideally, the temperature band around the melting point within which the 
temperature fluctuates would be very narrow. In most practical cases, 
however, the temperature swing is wider and involves significant 
contributions of sensible heat from both the liquid and the solid phase. 
This is necessary because the thermal conductivity of the solid is so much 
worse than that of the liquid, and a temperature gradient of sufficient 
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magnltuds has to bs Balntainsd in ordor to arrlvs at accaptabla charga and, 
in particular, dlscharga ratas. Raat axchangar tubas anbaddad In noltan 
PCMs will usually be encrusted with solidified material as soon as heat is 
withdrawn from the system. The crust impedes heat transfer frosi the 
remaining hot liquid to the heat axchangar tuba. Heat transfer enhancement 
methods are currently being developed for PCM applications. Under aaro-g 
conditions it is Important to keep the PCM in close contact with the heat 
exchanger tubes, k metal foam attached to the tubes %iould serve a dual 
purpose; not only does it enhance heat transfer because of good thermal 
conductivity of the metal, but it also retains the liquid by surface 
tension, similar to surface tension screens used in propellant tanks. 

Several receivers for in-orbit solar thermal electric conversion 
with integral PCM storage have been developed and tested during the past 
decades. The SUN7L0WER mercury Ranklne program at TRW tested lithium 
hydride PCM. Meetinghouse tested a lithium hydride PCM storage device for 
a thermoelectric generator, ^ ^ and NkSA-Lewis tested a receiver with 
integral lithium fluoride PCM heat storage tubes surrounding the heater 
tubes for a Ranklne or Brayton cycle power plant . ^ «rork 

with lithium hydride as a PCM, it was noted that the dissociation pressure 
at the melting point is substantial, and it was subsequently proposed to 
use the LiH 7 Li -f SH 2 system as an RCR heat storage system. 

Chemical Energy Storage Methods t C eaical energy storage uses 
reversible chemical reactions (RCRs), e.g., 

exothermic 

A + B , * C 

endothermic 

which can be easily reversed depending on concentration and temperature of 
the reactants. In the charging mode, chemical C is dissociated and the 
more energetic chesdcals A and B are stored. Physical separation of A and 
B is not always required. A and B can be stored indefinitely without loss 
of stored energy. When energy is needed, A and B are allowed to recombine 
(generally on the surface of a catalyst) and energy is released in the 
reaction forming C. Thermochemical energy storage may be compared to the 
more conventional energy storage by pumped hydro where the dissociated 
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chMlcals A -f B conatltut* tha aora anargatlc stata (uppar raaarrolr) and C 
conatltutaa tha Icmar anargy atata (lowar raaarvoir). 

Tha typaa of chanlcal anargy atoraga balng conaidarad haxa for 
advancad apaca anargatlca Includa only tharaochaBlca.1, photochaaiical, and 
radlochamlcal ( f iaalo-chamical ) raactiona. Elactrochaalcal anargy atoraga 
la dlacuaaad in Sactlon 2. 3. 7.1. Ttia Majority of inforaaition of farad hara 
for dlacuaaion ia davotad to tharModhaadcal atoraga via rararail}la chasical 
raactiona (RCR). Ttila aoda of anargy atoraga ia ralatiaaly naw, avan for 
Earthbound appllcatlona, and ita potantial for apaca appllcationa haa not 
yat baan fully axplorad. ^ ^ 

In addition tc RCR chaaical anargy atoraga, RCR chamical anargy 
trananiaalon ahould alao ba conaidarad, in particular whara it can ba 
intagratad with chanlcal anargy atoraga. Thaaa ao-callad "Chamical Haat 
Pipaa" can raplaca convantional haat pipaa whara long diatancaa of 
tranamiaaion ara involvad . ^ ^ 

Photochamical anargy atoraga ia talcing placa on a gargantuan acala 
on planat Earth in tha form of photoaynthaaia. Ho«wvar, tha anargy atoraga 
danalty ia axtramaly amall. Photodiaaociation of nltroayl chlorlda or 
isomarlzation of norbornadiana by concantratad aunlight haa baan attaav>tad; 
tha ravaraa raaction would than ralaaaa haat. No practical ayatam haa yat 
baan damonatratad, and it is vary doubtful that photochamical anargy 
atoraga/ conversion holds any proaiisa for space applications. 

Radiochemical ( "fissiochamical" ) anargy storage is possible by 
irradiating ammonia with y-rays. X-rays, electrons, protons, or other 
ionizing radiation, forming aadno radicals which racombina to form 
anargatlc hydrazine. Hydrazine can ba separated from anonla and stored as 
tha more anargatlc fluid. On Earth, synthesis of hydrazine from ammonia by 
passing it through a nuclear reactor has baan demonstrated, but tha process 
was not economical. It is suspected that tha reaction is also talcing place 
in the ammonia clouds of Jupiter's atsiosphere. It is not expected to be a 
practical means of energy storage, even if the ionizing radiation is 
available for free, as in the Van Allen radiation belt. 
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It ahould b« MBphaaisad that thanochMical anargy storage ayataaa 
with ravaralhla chaalcal raactlons oparata in a cloaad loop aoda in a 
haraatically saalad aystaa. Thua, undar nonal oparation thara ara no 
conauaablaa or raplanlahoiant chanicala involvad. If tha chamical raaction 
choaan la fraa froai alda raactlona laading to Irravaralbla byproducta, tha 
raactanta can l>a cyclad hack and forth an Inflnlta nuad>ar of tlaaa without 
loalng atoraga afflclancy. 

Tablaa 2.22 and 2.23 proalda a auaaAry of aalactad rararalbla 
chamical raactlona with thalr atoraga capacltlaa and atoraga danaltiaa. 

Tha data hava baan arrangad In two aaparata tablaa bacauaa tha avaluatlon 
crltarla for syatama Involving solid conatltuanta ara qulta dlffarant from 
thoaa for ayatau not Involving aolld raactanta. Syatama with aolid 
raactanta aura difficult to acala up ir.d aollda handling la ganaral^iy 
avoldad if tha aauaa objactlva caui ba achiavad with liquid raactcuica. 

Liquid raactanta ara mora aaally atorad, matarad, and pumpad than aollda. 
Gaaaa, on tha othar hand, hava vary low atoraga danaitlaa. 

Tha prafarrad tharmochamical anargy atoraga ayatam would ba ona 
which Involvaa only liquids In tha chaxgad aa wall aa In tha dlschargad 
atata. Only ona of cha syatama llatad, tha SO^(L) * H20(L) t H2S0^(L) 
raaction, maats this raqulramant. Unfortunataly, a high tamparatura 
saparating tachnlqua for SO^ and H 2 O haul not yat baan parfactad. Tha othar 
all-liquid ayatam, H20(L) -f H2S0^( L) ^ B2S0^ •H20(L), has too low an anargy 
contant to maka Its usa attractlva for spaca applications. 

So far, Tabla 2.23 lists only sallna hydrldas such aa lithium 
hydrlda. Tha anargy changao aasoclatad with tha fonutlon and dissociation 
of matalllc hydrldas such aa LaNl^H^ or FaTlfl^ ^ ara ralatlvaly small 
( 7 kcal/Bol H 2 ) • Thasa syatama ara baing Invastlgatad mainly aa a aw ana to 
stora hydrogan gas. Combination of two matalllc hydrldas oparating at 
dlffarant charactaristlc tamparaturas In chamical haat pumps has baan 
danonatratad . Ch'mical haat pumps will ba discussad in a latar paragraph. 

Another method of Chemical energy storage would be in the form of 
frozen free radtrals, e g., atomic hydrogen in a matrix of frozen molecular 
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hydrogen. Thia posaibility haa already been inveatigated for a long tlM, 
but it la unlikely to becoaM available aa nature technology in the near 
future.<"®"-^”) 

Table 2.24 aunatariaea energy atorage capacity and atorage denaity 
for typical thermal and themochemical energy atorage media. So far. 
numbera ahown in Table 2.24 are for the atorage media only. Tliia ia like 
ahowing only the electrolyte and electrode weight of a battery without 
caaing, apacera, and Inaulation. naighta or volumaa for containment of 
thermal/thennochomical atorage media, heat exchangera, pumpa, and other 
process equipment have not yet been included. 

The mam reason for not yet including system weights in the table is 
that no reliable numbers are available at this time. Thermal energy 
storage technology for Earth based apnlicationa is just emerging, and high 
temperature thensochemical systems exist only aa a concept. If currently 
available data were used and if the data were applied to potential space 
applications the results would be misleading since the designs for Earth 
based systems were done with little concern for system weight or system 
volume. Lightweight structural smterials such as those typically used for 
spacecraft would result in more favorable system weights. Also, if large 
systems were assembled in space and !iad to withstand neither 1 g nor high g 
forces during launch, the support structure would be much lighter than the 
same system intended for Earth based applications. 

The preliminary design of thermal and themochemical energy storage 
systems ^ '>r space applications requires additional effort to come up with 
reliable predictions and performance cosiparisons . The same is true for 
cost data for any of these systems because there is no cost experience. 

The system weights to be added to the storage media weights depend 
on the desired charge i discharge power ratio. They would be optimal if the 
charge I discharge ratio were kept close to 1.0. The system weights in 
rebition to the storage medium weight for a given total storage capacity 
and i~n.arg*» : lis<'hari'je r.»t-io are small for sensible, larger for PCM, and 
significant for thermochemical enei«;y storage systems. The complexity of 


Table 2.24 

Storage Capacity and Storage Density of Heat Storage Media 
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moat thanaochaad.cal anargy storaga ayataaa la only warrantad for vary larga 
installations (>100 kW) eutd long storaga tis»s. For a short tars (lass 
than 6 hours) storaga systas oparating at a charga t discharga ratio of 1, 
tha system weight roughly equals the weight of the storaga sadius for 
sensible and PCM storaga, and is roughly twice tha weight of tha storaga 
BMdia for a tharmochasical system. This reduces tha weight-specific 
numbers in Table 2.24 by a factor of 0.5 to 0.3. 

If one envisions the use of thermal or thermochead.cal storage In 
conjunction with tharmal-machanical-electric conversion, the nusd>ers will 
furthermore have to be multiplied times a factor of 0.2 (20 percent 
conversion efficiency assjsied for thansal to mechanical conversion). If 
\:ho conversion from stored chasacal to electric energy is carried out in 
fuel calls instead of a mechanical turbine, tha storaga capacity of 
chesiical systeu %tould be higher and above that of Si/H^ batteries serving 
as a banchsiark for cosiparison. 

Tha entire field of storage owdia for sensible, PCM, and 
tharmochemical energy storage systesw has been thoroughly searched. It 
will be difficult to find other, new storage mdia which will result in 
significant improvements over the exasiples listed in Table 2.24. 

The cycle life of sensible aind PCM heat storage media is essentially 
unlimited. The life of the heat storage system is most likely lisated by 
the life of centrifugal pumps used to circulate heat exchange fluids or 
heat storage fluids. Thermochemical systems not involving solids generally 
require a catalyst and/or separating membranes. It is estisiated that 
current technology catalysts limit the useful life of the system to 
approximately ten years. The catalyst can be replaced during maintenance 
of the system. 

Chemical Heat Pumps: In addition to plain energy storage, 

reversible chemical reactions are also being used to collect heat at a low 
input temperature and to release it (although a smaller amount) again at a 
higher output temperature, analogous to an evapc>ration/condensation 
r.ierhanical heat pump. Reactions which are being evaluated for this purpose 
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includs hydride*^ anaioniates^ ^ , and sulfuric aicid/watar/- ^ It 
has been prc posed to use nechanical or chemical heat ptimps on satellites to 
boost waste heat temperature to a higher outlet temperature such that it 
can be radiated and rejected by more compact radiation. 

Because the amount of energy radiated increaises with the fourth 
power of the radiator temperature, the overall system might be lighter thain 
without heat pumping. Under terrestrial conditions it is usuailly easy to 
find a heat sink for a heat pump. This is not as easily done in* a space 
environment . 

Chemical Heat Pipes: In addition to storing and pumping energy, 

reversible chemical reactions can also be used for tramsmission of heat 
from Point A to Point B. The unique feature of chemical heat pipes is that 
the reactants are transported at ambient temperature. Unlike a steam or 
hot oil pipeline, there are no thermal losses during transport. A chemical 
heat pipe is therefore attractive for transmission of heat over very long 
distances. Chesc.cal heat pipes can be used to distribute heat from a 
central heat source^ 173 ) collect heat from a multitude of parabolic 

dish focusing collectors^ ^ with or without buffer storage of reactants. 

For a large power satellite in geostationary orbit, the system could 
be modularized amd could be assembled from a large number of easily 
transported small parabolic concentrators. In the focal point of each 
collector there is a thermochemical receiver in which the heat is used to 
dissociate a chemical in an endothermic reaction. The dissociation 
products are collected in a manifold and fed to a central exothermic 
reactor with the adjacent central po%rar plant. This system promises to be 
more efficient than a oniltitude of dish-mounted heat engines. 

Comparing the performance, weight, and cost trade-offs of con^wting 
thermal and thermochemical energy storage technologies is not as easy as 
comparing the merits of different types of well established electrochemical 
storage devices, e.g., nickel-silver versus nickel-hydrogen versus 
reversible fuel cells. TTiere are not sufficient design data available for 
existing systems, and those which are available are only for terrestrial 
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utility-sized systems. In order to coiqpare thermal and thermochemical 
storage technology with cos^ting storage techniques, one has to rely on a 
number of assui^tions and extrapolations. Three such con^risons published 
in the literature shall be referenced here in order to emphasize the 
conclusion that thermal (and thermochemical) energy storage should receive 
further study for space advanced energetics. Not all assusiptions 
underlying the three studies are known at the present, and it would occupy 
too much space to spell them out here. 

The 25 kW space station study by Grusman^ ^ compared system mass 
penalties for two different storage requirements: 30 kw peedc load with 

Brayton conversion (Figure 2.49) and 130 kw eclipse load with thermionic 
conversion (Figure 2.50). In both cases the system mass penalty was lo%^st 
with a lithium fluoride PCM thermal storage system. 

A British study^ ^ compared the storage density ( GJ/m^ ) and 
storage capital cost (£/GJ) of various storage technologies (Figure 2.51). 
Reversible chemical reactions and fused salts had the best cost and density 
characteristics of all systems considered (excluding the air-supported 
combustion of fuels such as oil and synthetic hydrocarbons ) . 

A comparison of storage technologies for utility energy storage 
( systems above 100 MW^ ) shows the dependence of capital and storage cost on 
the time of operation on storage (Figure 2.52).^^^*^^ Because the cost lines 
start out at different capital costs ( zero storage ) and because the slopes 
of the lines differ, the best storage technology depends on the desired 
mission profile. This chart assumes that the system is discharged 
immediately after being fully charged and does not make allowances for 
energy lost during standby. Underground puiiq>ed hydro and compressed air 
combustion gas turbines cannot be applied in space stations, 'nils 
essentially leaves PCMs (fluoride eutectic) as the most economical option 
for storage capacities up to 10 hours. 

Summary; It appears that thermal or thermochemical energy storage 
will not play an important role in space operations as long as space 
vehicles remain the size of a single Skylah, Spacelab, or Space Shuttle, 
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Figure 2.51. A Comparison of Various Energy Stores in Terms 
of Capital Cost and Storage Density. The costs 
of producing and distributing energy are ex- 
cluded. (Reference 176) 
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th« r«Mon b«ing that mall thazrnl raquiramnta ara mra aaaily mt with 
•lactrlc raslstanca haatars. Tharaal alactrlc convaralon via itachanlcal 
doas not bacoaa attractlva until powa.r lavals of at laaat 20 kW ara 
raqulrad. If It should ba usad, short tara tharaal storaga will anabla tha 
systaa to oparata throughout tha antira orbit and, in particular, during 
sun occultation. Tharaochaalcal anargy storaga is not attractlva unlass 
vary long storaga tiaas (in axcass of 24 hours) ara raqulrad. It would ba 
idaally suitad for lunar basas with vary long dark pariods (14 days). 

Savar..x axparts in tha fiald of tharaal and tharaochaalcal anargy 
storaga hava baan intarviawad and askad if thay wara awara of any past or 
ongoing rasearch and davalopmant aflorts in tnamal or tharaochanical 
anargy storaga for spaca applications. Savaral usaful laads to past %#ork 
wara obtainad, but nona of tha parsons wara awara of any 
tharaal/tharsKxrhasiical storaga work in prograss for spacu applications. 

2. 3. 7. 5 Noval Aporoachas 

So far, anargy storaga has baan considarad as a pura storaga sMthod 
only, with idantlcal forms of anargy input and anargy output. Cartain 
inprovamants in ovarall systasis afficiancy ara possibla by combining anargy 
storaga with anargy convarsion. 

Rmganarativa Pual Calls 

A tharmally raganarativa fual call usas a ravarsibla 
tharmochamcal/alactrochoaical raaction. Tha andotharsiic stap of tha 
raaction is carriad out in tha focal point of a solar concantrator, a.g., 

SO^ + AH -► SO^ + ‘i 0^ 

Tha dissociation products can than ba storad indafinltaly until alactrlc 
energy is needed. Tha axoargic raaction with electron transfer takas place 
on tha eloctrodas of a fual call, releasing electric anargy and oxidizing 


SO 2 to SOj: 


0 2e~ -*■ 0 

S+** - 2e 


2 - 19 t 


Thcraally r«gon«ratlv« fual calla ara not llnltad by Carnot afficiancy. No 
axparlaantal data ara avallabla yat. Thanally raganaratlva fual calls 
should not ba confusad with raganarabla (- ravarslbla) fual calls Whara 
lx>th anargy Input and output ara In tha fon of alactrlc anargy. Savaral 
ravarsibla chanlcal raactlons ara currantly balng avaluatad for potantial 
usa in raganaratlva fual calls. 

So far, fual calls for aarospaca hava always baan assoclatad with 
hydrogan/oxygan fual calls. Sufflclant know-how azlsts with 
oxygan/hydrogan fual calls for spaca applications. Unfortunataly, tha 
oxygan and hydrogen reaction 


©2 ♦ 2H2 28^0 

is highly irreversible. Thamochamical water splitting cycles ara under 
davelopMnt, but tha conversion afficiancy of multi-step water splitting 
pr'ocassas resulting in hydrogen and oxygan is vary poor. While 
hydrogan/oxygan fual calls achieve conversion afficiancias of 60 percent, 
tha overall afficiancy of a thermally raganaratlva hydrogen fual call would 
ba below 10 percent. So, even if tha SO2 -t O2 fual call should be only 30 
percent efficient, it would still be better than the combined efficiency of 
most other systems which convert to electricity first and then store 
electricity, or store heat first and then convert to electricity. In 
attempting to sell the idea of the SO2 fuel cell to prospective sponsors 
for further devalopatent, tha SO2 fuel cell has so far not made any inroads, 
because people already working on fuel cells always compared it to the 
oxygen/hydrogen fuel cell ( assuming that hydrogen is readily avallabla 
when, in reality, it is not). By comparing the fuel cell efficiency only, 
the SO2 fuel call cannot stand up to the hydrogen fuel cell. It is the 
combination of thermal to electric conversion which makes this schesw r.ow 


so attractive. 
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StLr^ana in aravton 

Thsnial storag* la an attractlva altarnativa to othar aodaa of 
anargy atoraga for Brayton powar cyclaa. nia atorad high ta«paratura 
thaxmal anargy can ba uaad aa a haat aourca during parloda ahan axtra 
alactrlc powar la raqulrad. 

A graphlta partlculata bad will atora l MJ(th) par kg for a AT of 
500 Iba Brayton cycla aapandar could run at conatant taaparatura with 

variabla racirculation flow baing uaad to accoaudata tha changing aourca 
tanparatura during thoaa parloda %>han tha thamal atoraga bad waa baing 
drawn again. 

For a powar cycla afficiancy of 30 parcant owar tha draw down 
parlod, a graphlta partlculata bad could atora ‘100 watt houra(a) par kg. 
Thia conparaa vary favorably with advancad battariaa and la conaidarably 
battar than praaant battary ayatema. Tha nunbar of cyclaa would ba 
aaaantially unlimitad, and no dagradation of atoraga capability ahould 
occur. Graphlta alao haa tha potantial advantage of axtandlng tha 
oparating taag>aratura of Brayton cyclaa with anargy atoraga up to 1500 ^ 
if tha intai action of tha carbon with tha turbina ratarials la not too 
dalatarioua . 

Tha priM anargy aourca «rould ba aizad for tha avaraga powar of tha 
cycla, whila tha anargy convaraion davica (a.g., a turbina) would ba aizad 
for tha paak powar. Tha anargy aourca would hava to ka capabla of abort 
parloda of oparation at aubatantially highar taag>araturaa (a.g., 500 
highar than tha normal oparating taaiparatura ) . Thia might not ba faaaibla 
for aoma aourcaa; howavar, for gaa coolad raactor or aolar tharmal ayatama, 
it appaara likaly that tha outlat coolant taag>aratura capability la 
conaidarably highar than can ba accaptad by a turbina. 

T armAl Flagtrorhamical Enargy Storaga 

Naar-ravaraibla alactrochaaical anargy atoraga la a vary proaiaing 
storaga option for spaca powar applicationa. Syatama hava baan davalopad 
in which unita can function first as alactrolyzara to dissociata chamical 
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compounds, and than as fuel cells to generate electricity when the products 
are recombined. The very high specific energy available per unit mass o£ 
the dissociated compounds makes this storage option much more attractive 
than batteries. 

A leading candidate is a high temperature (‘1000 °C) solid oxide 
electrolyzer/ fuel cell assembly operating on steam/hydrogen and oxygen. 

The steanv/H2-02 system has an energy storage density of 2600 watt hours 
(e)/kg of stored H 2 /O 2 et an efficiency of 70 percent in the fuel cell 
mode. This is an order of magnitude better than can be achieved with 
advanced batteries. 

Solid oxide electrolyzer/fuel cell assemblies have been developed 
and tested in the U.S. by Hestinghouse, in West Germauiy by Dornier, and in 
Switzerland by Brown Boveri. The cells consist of several layers of thin 
films, each with a typical thickness of ‘10 , deposited on the surface of a 
porous yttria stabilized Zr02 tube. Typically, the tube has a wall 
thickness of ‘0.5 mm and a diameter of ‘1 cm. 

The successive thin film layers consist of an outer O 2 electrode, a 
sandwiched electrolyte (yttria stadiilized Zr 02 ), and 2 m inner H 2 
electrode. The electrodes are connected in series along the Zr02 tube 
using thin interconnection films. The electrodes, electrolytes, and 
interconnection films are deposited using mamking techniques sisiilax to 
those in the electronic industry, with chemical or vapor deposition. 

Single and small stacks of multiple cells have been tested for 
thousands of hours at operating temperatures of ‘1000 °C. Large arrays 
have not yet been tested, but there appear to be no fundamental problems in 
constructing large systems. Hass production fabrication techniques will 
have to be developed, however. 

Achievatble output power densities for H 2 /O 2 solid oxide 

electrolyzer/ fuel cells are *0.35 watts (e)/cm^ (0.5 A/cm^, 0.7 volts). 

Vfhile operating in the electrolyzer mode at 1000 ®C, input electrical 

2 2 

requirements are -0.55 watts/cm (0.5 A/cm , 1.1 volts) with corresponding 

2 

thermal inputs of “0.3 watts per cm . For tube wall thicknesses of 0.5 mm, 
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gross spsclflc powers will be '1000 watts(e) per kg mass of the solid oxide 
assembly. 

For a given power delivery time t the equivalent specific energy 
storage for the electrolyzer/ fuel cell asoembiy is 1000 watt 
hours(e)/kg. Thus, for values of of 3 to 4 hours, the energy capacity 
in watt hours(e)/kg will be comparable to that for the stored H 2 /O 2 , i.e., 
*2600 watt hours(e)/xg. The overall specific energy storage for the entire 

I 1_ ^ 1 _1_ kg 

* 2600 * 1000 T * S~ Watt-hr(e) 

T c C 

where - watt hours( e ) per kg of mass for the container for the stored R 2 
and O 2 gas. For optimized storage systems, will be on the order of 
twice the value for Accordingly, for power delivery times of 

3 to 4 hours, S.p is *1000 watt hours(e) per kg of total mass, and 
substantially higher for longer power delivery times. 

Electrolyzer/ fuel cell stacks could readily be arranged in 
serias/parallel connections to match the output characteristics of solar or 
other power source arrays, and should not require any power conditioning. 

Another promising candidate would be the H 2 CI system using cells 
with solid polymer electrolytes (SPEs) at *100 The much lo%rar 

operating temperature with this system poses more problems of heat removal 
than the 1000 °C appears practical. A similar RBr 

system is to be tried on the space shuttle. No heat would be generated 
during charging because of the TAS term; on discharge (recombination of H 2 
and CI 2 to generate electricity), however, *0.7 watt of heat would be 
prod' ced per watt of electrical output, and this would have to be radiated 
to space at a radiator temperature of *400 

2 

Typical performance parameters trauld be *0.3 A/ cm at 1.2 volts. 

The SPE would be *10 mils thick, with an overall thickness of *4 mm per 
cell. Cell electrodes would use carbon based materials. 
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The HCl system does not appear as attractive as the 
because of higher electrolyzer/ fuel cell weight per unit output, lovfer 
operating temperature, and a somewhat higher weight of stored gases per 
unit amount of stored energy. 

2.3.8 Energy Storage Conclusions 

Batteries are the principal energy storage technology for spacecraft 
at present. Ho%raver, the demands for longer lifetime, greater number of 
charge-discharge cycles, lighter weights, and greater net energy storage 
capacity will require substantial advances over the performance of present 
systems. New and advanced battery concepts are available which appear to 
have the capability to meet these requirements. In addition, flywheel 
storage, regeneredsle fuel cells, thermal storage, thermochemical storage, 
and several novel concepts integrating energy storage with energy 
conversion promise significant advances in these areas. 

Advanced nickel hydrogen batteries, silver hydrogen batteries and 
high temperature batteries offer good prospects for significant improvement 
over current energy storage. Regenerative fuel cells using either 
bifunctional electrodes or separate electrolyzers amd fuel cells also look 
attractive in terms of weight for medium to high power systems (e.g., 25 kw 
and above). Flywheel energy storage appears to be applicable by itself and 
possibly in combination with attitude control. It may be possible to 
combine the flywheel energy storage function with inertial attitude control 
functions to economize on weight for particular missions. Flywheels look 
particularly attractive wherever high power density is desired (i.e., 
watt/lb). Further, they have exceedingly long self-discharge times 
compared to virtually any other energy storage technology (i.e., 
potentially 5 to 10 years ) . 

Thermal or tliermochemical energy storage is best suited for medium 
to high power systems (i.e., 25 kW and above) since thermal requirements 
can be easily met by resistance heaters at low power levels. Also, thermal 
energy conversion becomes truly competitive with photovoltaics for iower 
above 25 to 50 kw and will be able to utilize thermal energy storage 
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ef f actively . There is also an Intriguing poseihillty that the integration 
of some energy storage and conversion concepts nay offer higher performance 
than the separate use of high performance storage and high performance 
conversion technologies . 

As a result of the technical assessment of energy storage 
technologies, the following items are recommended for further research. 
These recommendations will be narrowed considerably in Section 5 in order 
to arrive at the highest priority items for NASA's Advanced Energetics 
Program. 

RECOMMENDED BATTERY RESEARCH 

1. Research, at a modest level, is needed on nickel- 
c'dmium batteries to better underst 2 uid their 
problems and wealenesses, and to in^rove the 
technology. A nickel electrode research program 
would be'' 4 fit both nickel-cadmium and nickel- 
hydroger. battery technologies. 

2. An analysis is needed to determine energy density 
that could be attainable with R & D on nickel 
hydrogen batteries. This will help in determining 
how -nuch emphasis should be given to nickel- 
hydrogen research. 

3. A nickel electrode basic research program is 
needed. This should include a comprehensive review 
of the nickel electrode. 

4. An advanced nickel-hydrogen technology program is 
needed . 
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5. A silv«r-hydrog4n r*s««rch prograa it ne«d*d which 
includes monitoring of silver-hydrogen battery 
research in Europe. 

6. A study should be made of all candidate high 
temperature battery systems to determine realistic 
energy densities to be ei^ected and to determine 
those systesw most deserving of research, niis 
should include couples currently not under 
developsieiit . 

7. Expertise is needed in high temperature batteries 
and the establishment of a long-range research 
program in this area would be beneficial. 

8 . There is a need to establish a program on super 
ionic solid state conductors for use in development 
of high temperature batteries. 

9. Methods should be developed for monitoring 
batteries and determining their state-of-health. 
This should be applied to the development of 
autonomous operation of battery systems. 

10. Lightweight switching devices should be developed 
for reconx.i.guring battery cells, battery modules, 
chargers, and other components when failures 
occur. 

11. Research on safety should be conducted on those 
lithium battery systems currently planned for NASA 
manned missions, such as the shuttle. 
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12. n»Mu:ch should bs psrfor—d to dovolop a non- 
dostructiv* stata-of-charg* taat for llthlua 
primary cells. 

13. Aerospace quality priaary lithiua cells should be 
developed for electronics asaciry retention 
applications. 

14. A small program should be undertaken to seek out 
and conceive new battery concepts which have 
promise as high energy density spacecraft 
batteries . 

RECOMMENDED FLYWHEEL RESEARCH 

1. Advanced high energy-density rotors should be 
designed for a size representative of some 
realistic applications. 

2. Advamced materials for rotors should be 
investigated. 

3. A study of total system integration needs to be 
carried out, using the most advanced available 
rotors, to combine the development of rotor 
dynamics, bearings, control electronics, B»tor- 
generators, and other extraction techniques. 

RECOMMENDED THERMAL AND THERMOCHOaCAL EMERGT :m)RAGE RESEARCH 

1. Summarize thermal power needs of space processing 
operations. Revisw that list for thermal storage 
applications . 
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2. Integrate energy requixenente of life support 
systems with thermal/thermochemical energy storage 
systems . 

3. Perform a set of preliminary baseline designs 
specifically for in-space (vaunjum, zero-g) 
operation of one each (a) sensible, (b) PCM, and 
(c) thex.-sochemical energy storage system to obtain 
performance, weight, and cost data for several 
specific applications/missions. 


RECOMMENDED NOVEL APPROACHES 


1. Study the feaisibility of thermal regenerative fuel 
cells as a confined energy storage and conversion 
technology for space. 

2. Investigate fluidized bed energy storage concepts 
(e.g., graphite particulates) for high temperature 
gas, thermal energy conversion such as the Brayton 
cycle. 

2.4 Power Transmission 

2.4.1 Introduction 

Power transmission encompasses power beaming to spacecraft from 
remote sources (i.e., orbiting or planetary-based power stations) and waste 
heat radiators. Power beaming is primarily conceived of as electromagnetic 
energy (e.g., laser or microwave) transmitted in phase at a single 
frequency with a very small beam divergence so that tuned receivers of a 
modest size can convert the incident radiation with high conversion 
efficiency. Laser and microwave beam sources are discussed briefly below, 
including a brief review of the state of the art for beam power 
transmission. The mam problems with long distance power transmission are 
beam divergence, atmospheric effects (in the case of ground-based power 
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txansBittcrs ), and high intansity optics naadad to form, transnit, racaiva, 
a..d refocus tha batuas. Tuned receirers are also ravia%*ad; these devices 
can capitalize on tha nonoanezgatic character of tha radiation to achieve 
high efficiency conversion. 

Haste heat radiators, in contrast, involve incoherent, nearly 
isotropic radiation esdesion under conditions noraally approzlaated by a 
blackbody source at an effective radiation temperature, Current 

spacecraft radiator technology depends alsnst entirely upon flat plate 
radiators. Plate and fin radiators are strictly passive and involve heat 
conduction from the heat source through the spacecraft's structure to an 
exterior portion of the spacecraft, which acts as the radiator. As higher 
powers are developed, the radiator will grew in size and weight. Radiators 
comprise a significant portion of thermal power systems weight and, hence, 
an aggressive program to reduce radiator weight, especially at higher 
powers, is needed. Options at higher powers include heat pipes, pumped 
fluid radiators, and more advanced radiator concepts. 

2.4.2 R*quir*m»nte 

Coherent, phased power transmission using diffraction-limited beams 
can be effective over large distances. Specifically, the transmitting and 
receiving antenna diameters (D^ and D^, respectively) are governed by the 
relation - C^XR where R is the range, X is the wavelength, and is a 

constant related to the fraction of incident bean profile intercepted by 
the receiving antenna. ^ ^ nte product is shorn in Figure 2.53 for 

several different wavelengths. Figure 2.53 indicates that power could be 
transmitted as far as the moon using small antennae if short enough 
wavelengths are used. However, beam power transmission is not presently in 
use. nie nearest related use of this technology occurs in remote laser 
sensing and communications where similar relationships apply and where 
relatively small po%iwrs are needed. Although mission analysis of beam 
power transmission is outside the scope of this study, a great deal of 
analysis in this area has been carried out for the solar power satellite 
(5P3) application. A beam power transmission study parallel to the present 
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•n«rgetlca study is also bslng carrisd out, which will sncosipass a 
prsliminary mission analysis. Gigawatts of powar from a single transmitter 
have been considered for the SPS application, with receiving antenna 
several Icilometers on a side required on Earth. Future high power 
space-to-space power transmission, for example to power electrical 
propulsion systems used for orbital transfer, may require tens of megawatts 
of power using receiving antennas no more than tens to hundreds of meters 
in diameter.^ ^ Smaller power requirraents in the range of a few hundred 
kilowatts to Hegawatts may be required for satellite power supplies, with 
receiving antenna size dependent on the mission environment. 

The receiver-converter may also be sensitive to the frequency used, 

and safety requirements may further limit the frequencies used. For 

2 

example, microwave levels must be kept below 10 watts/cm undor present 
United States statutes, and laser wavelengths must be greater than 
approximately 2 microns in order to prevent eye damage. (Industrial safety 
standards for laiser use are much more detailed according to the frequencies 
and the peak power levels encountered in pulsed lasers . ) 

Safety and efficiency of conversion may also require accurate power 
beam tracking and pointing to avoid "spill over" beyond the receiving 
antenna. The relationship discussed above assumes that the receiving 

antenna accepts 95% of the incident radiation; further, the transmitter is 
aissuMd to operate in phase so that side lobes constitute a relatively 
small fraction of the transmitted po%rer. 

Waste heat radiators generally are sized to rejec - power at levels 
of 3 to 9 times the net electric power being produced on-board the 
spacecraft, as the efficiency may be as high as 25% or as low as 10%, 
respectively. In the case of photovoltaic cells, waste heat must be 
radiated at low tengperatures in the range of 28 to 50 °C, since the 
efficiency of photovoltaic cell material is substantially reduced at higher 
temperatures. The exception will be high concentration ratio solar cells 
where higher operating temperatures on the order of 130 may be 
encountered. Radioisotope power sources require waste heat radiators which 
operate at temperatures in the range of 50 °C to 180 °C. A need for higher 
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t*Hip«ratur« radiators in tha rang* of 200 " 1400 "c la anticlpatad aa 

highar powar aystama bacoaia nacaaaary, in ordar to kaap tha radiator 
waighta and aizaa as small aa possibla. 

2.4.3 Powar Tranamiaaion Mathoda 

Tha following paragraphs glva a brlaf dascrlptlon of baam powar 
transadssion and wasta haat radiator mathoda. Powar transmission is still 
basically at tha concaptual staga, so nothing dafinitlvc can ba said about 
what technlquas will %fork. Wasta haat radiators, usually of tha passiva 
variety, are associated with each power system in space, and there is an 
accepted state-of-the-art technology in this area. 

2.4.3. 1 Microwave and Mllliinmter Phaamd Xrrav 

Microwave bean powar transmission at wavelengths of 10 cm or longer 
( suitable for atsiospheric transsiission ) can ba carried out with a variety 
of rapidly pulsing vacuum tube devices, such as tha klystron, which drive 
microwave horn or slot transmitters and aura received by dlpola-f liter, 
half-wava siicrowava ractennas. Initial axparimants have demonstrated 
overall transmission efficiencies exceeding 80% at Jet Propulsion 
Laboratory employing receptor panels several square meters in area with 
total power on the order of 30 kW.^^^^^ Receiver conversion efficiencies 
over 90% have been demonstrated in the laboratory as sho%m in Table 
2.25.^^^^^ These eiqwriments have all used dipole receiving amtanna davicas 
couplad with galium arsenide Schottkey barrier diode rectifiers and 
appropriate coupling and filtering circuitry. Most of the experiments have 
coupled one dipole device to one diode. In order to maintain high RF 
absorption efficiency, the receiving aintenna must space the dipoles such 
that the size of each dipole call is 0.7 to 0.8 X^. it is necessary to 
provide each diode with a po%#ar level near 1 watt to drivo the diode hard 
enough to achieve reasonable efficiency. Moderate power (Amplitron or 
Magnetron) DC to microwave transmitter conversion efficiencies above 85% 
has also been achieved (see Table 2.26).^^^^^ 
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Mll^lMit«r wav* powar tranaBission is now an aatabllshod art concapt 
in vavaguidaa at ralativaly small pov*. . Baansd powar transmission should 
ba faasibla using a naw class of high fraquancy davicas undar davalopmant 
callad gyrotrons ( ralativistic klystrons ) and with solid stats 
systams.^ Ths gyrotron davicas provida high powar (hundrsds of 
kilowatts to magawatts) at high afficiancias but raquir* vary high 
voltagas^ ^ and may prasant substantial tharmal control problams in th* 
spaca anvironmant dua to th* concsntratad natura of wasta hast sourcas. 

Solid stata systasM ara pushing highar and highar in fraquancias. 
Efficiant po%r*r production at 100 GHz and mora has not yat baan achiavad, 
but thara ar* solid stata systasis oparating at low afficiancy at 
fraquancias of this ordar/^®^^ 

At prasant, thara ar* no millimatar wava analoguaw to microwava 
ractannas. A claar naad axists for an afficiant millimatar wava rscaivur, 
if this tachnology is to b* used. 


2. 4. 3. 2 T^***"* 


Laser powar transmissioii specifically for conversion into 
alactricity at a racaivar has baan carried out only in laboratory-sized 
davicas.^ ^ Thar* are a variety of lasers akhibiting th* potential 
for scaling to po%#*rs of interest for spaca powar transmission. Thas* fall 
into th* categories of gasdynamlc lasers (GDL) %diich ara pumped by inverted 
vibrational state populations inducad during rapid gasdynasde cooling of 
th* lasant (a.g., CO 2 lasers )i ^ ^®® ^ ajactric discharge lasers (EDL) where 
inverted states ara created by electron impact in th* lasant (a.g., CO 
lasers direct optically pumped lasers (DOPL) where focused sunlight 

creates excited states which subsequently las* lasers 

indirect optically pumped lasers (ZOPL) where radiation from a blackbody 
cavity heated by soma external source, such as the sun or a nuclear 
reactor, is used to pump the lasant (e.g., CO or C02>;^^®^^ and nuclear 
fission lasers (NFL) where fission fragments pump the lasant (e.g., Ar-He 
o- CO).^^®^^ Numerous novel concepts have also b«fn proposed, some of which 
will be discussed in Section 2.4.7. 
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Efficient receivers for converting laser radiation into electricity 
are in a primitive state of research. Several systems and device studies 
have been carried out which indicate potontially good conversion 
efficiencies (i.e., 50% and higher) for advanced concepts.^ One of 
the experiments referenced above utilized a resonauit absorption of CO 2 
laser radiation in helium doped with SPg to achieve a high working fluid 
temperature in a glass-windowed Stirling engine with a linear alternator 
(i.e., a Beale-type Stirling engine ) . Approximately 10% conversion 
efficiencies were measured . ^ ^ Efficiencies on the order of 40% have been 
measured for photovoltaic cell receivers at short wavelengths (0.6-0.85 


2. 4. 3. a waste Heat- Badiattnra 

Radiators are either active or passive systems. Passive radiators 
involve no circulation of coolants, relying entirely on heat transfer by 
conduction amd/or internal radiation to an outer surface which rauiiates 
waste heat to space. This surface may be especially prepared to enhance 
its emission coefficient and to increase its radiating area, for example 
with fins. This technique is often used on the front and back of solar 
panels. With no area enhancement, such panels would rise to a temperature 
of approximately 60 before radiation losses balance the generation of 
waste heat ( assuming a 15% photovoltaic cell and c - 0.85). 

Active radiators involve coolant circulation and permit the transfer 
of heat over much larger areas before the temperature falls too low for 
effective radiation. Heat pipe radiators rely on capillary forces and 
vapor diffusion to circulate the coolants in two phases. These devices 
circuBivent the problem of moving parts (i.e., pumps) but are lisiited in the 
length of pipe over which heat can be tramsferred effectively. Large power 
systems will require large radiators extending over even greater distances, 
requiring pumped fluid systems or some novel concept or hybrid of existing 
concepts to transfer heat to the outer periphery of the radiator. 
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2.4.4 to Praaanti Tachnoloov 

Th« practical liaits to praaant tachnology raquirad for bean power 
transnission can be phrased in terve of the transmitting and receiving 
components. As sho%#n in Table 2.26, microwave transmitters have been 
tested with high efficiency ( 85% and higher ) at moderate powers and 
soBMwhat lower efficiency at higher po%#ers (i.e., klystrons at 20 to 200 kW 
and 80% or higher efficiency Projected state of the art advances in 
power-specific treight for high power CW microwave transmitters is shown in 
Figure 2.54.^^^^^ From these data we conclude that present developments 
could lead to power- specific weights on the order of 1 kg/kw in the 
relatively near-term. These devices have the added feature that they 
operate at relatively high temperatures (i.e., 600 ^ to 800 so that 
waste heat radiation can be accomplished with relatively small areas. 

Microwave receiving antennae ( rectennas ) have been constructed in 
small sizes prisiarily for eventual use as ground receiving stations. At 
least one experiment has been conducted with an airborne receiver designed 
with power-specific weight in mlnd.^^^^^ However, there are no reliable 
data available to use as a benchsM^rk for space-based receiver performance 
at this time. 

Laser transmitter performance caui be based on available lower power 
terrestrial technology and can be scaled to higher powers using the results 
of several recent studies performed for NASA. These studies have 
emphasized solar-powered space-based lasers, ^ ^ although at least 
one has also considered nuclear powered lasers.^ ' Closed cycle, 
continuous wave lasers at the 15 kw power level have been built and tested 
with one of the purposes being space power transmission. ^ ^ Laser 
efficiencies on the order of 5% (laser power out/solar po%wr received) are 
projected on the basis of these experiments, accompanied by po%#er-specific 

/ 1 OQ \ 

weights of approximately 50 kg/kW at power levels of 1 Megawatt.' ' 

Again, these values cannot constitute a true benchmark because space 
qualification of high power lasers is still in a preliminary stage. There 
13 good reason to believe, however, that advanced laser concepts will be 
able to do n.uch better than these preliminary data would suggest, both in 
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Figure 2.54. Weight Compari.'^on of High Power CW Transmitters. 
(Reference 180) 
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t«nu of hlghor •fficicncy and Ilghtar «r«lghta. Laaar powar racaivars ara 
also in tha aarliast stages of rasaaxch and devalopsiant, so that no 
reliable data exists for banchsiarking their parfomanca. 

Waste heat radiators of tha passive type typically operate at 50~300 
and have power-specific weights on the order of 0.5 to 3 kg/kW( th ) . ^ ^ 
Recent research suggests that the temperature range may be extended up to 
400 with improved high emission coatings under development . ^ ^ Passive 
radiators are used for dispersed power systems such as flat photovoltalcs 
arrays where waste heat Is generated at the location of the radiator and 
fin radiators arc used for radioisotope heat sources. Active radiators, 
most notably heat pipes, have been designed and tested over a range of 
temperatures from 700 to 1700 as shown in Figure 2.55.^^®°^ The 
power-specific %relght for heat pipe rauliators depends strongly on 
temperature, as sho«m by the wxasiples in Figure 2.56, where they are 
compared to a forced convection radiator ^®^ ^ The basic weight constraint 
for active radiators has been lapsed by the need to armor the radiator 
against puncture by meteorites . ^ ^ Because of the precipitous Increase In 

BAn-made debris In low Earth orbit, an even greater probability exists for 
collision between the radiator and these artificial meteorites.^ In 
higher Earth orbits, the meteorite danger may have been over-emphasized in 
the past; a re-examination of newer data appears to be in order. Also, 
novel active radiator concepts may help to circiuivent or mitigate the need 
for armoring. A smasure of armored radiator potwr-specific weights ets a 
function of temperature is given in Figure 2.57. Any advanced concept 
projecting much lighter weights than these would be a good candidate for 
the Advanced Energetics Program. 

2.4.5 Basis of Comparison 

The appropriate criteria for comparing beam power ti nsmission 
options are efficiency and power-specific weight. These numbers are 
mission-dependent, since placing the transmitter on the ground will produce 
quite different constraints than an orbiting transmitter. In this study 
all of the receivers are assumed to be in space. The energy per photon is 
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also a figuro of norlt, sines this is rslatsd to ths product of transalttsr 
and receivsr antenna diasietsrs (see Figure 2.53) and also affects the range 
of receiver efficiencies available and the transmission efficiency in the 
caise of ground-based transmitters. 

Po%irer-specific freight and, as a secondary figure of merit, the 
temperature are appropriate measures of waste heat radiator performance, 
hs the temperature changes the types of radiator material will also change, 
as well as the area required for radiation of a given amount of power. 

2.4.6 Applicability to Generic Miaaiona 

Studies and technology wor)c dona under DOE and NASA sponsorship on 
the solaur power satellite technology program have demonstrated that energy 
beaming, in principle, can be efficient; a clear detenilnation has not 
developed as to the desirability of the solar power satellite as a 
commercial energy system.' ' This discussion is aimed at potential 

applications and technology of power beaming to support space missions. 

Space to Space . A number of studies have also considered the 
application of microwave space-to-space power beaming with the idea of a 
central power generation plaunt supplying power to spacecraft which did not 
include their ovm power supplies . ^ ^ These studies have not yet indicated 

a clear advantage for this technique over simply providing power supplies 
for the spacecraft. Power beaming for space propulsion is still of some 
interest. The main application is in power beaming for propulsion systems 
traveling from low Earth orbit to geosynchronous orbit. The principle 
interest in power beaming steins from the problems attendant to carrying 
self-contained solar photovoltaic power supplies through the intense Van 
Allen radiation belts of Earth. Either TF or laser power beaming can 
alleviate this problem. A laser power beam may be co.iserted directly to 
heat for heating a propellant. This technique has bee.i the subject of 
several NA5A studies and/or technology activities and will not be discussed 
further here.^^°®^ 
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RF powmr beaming could be used to provide electric po%»er to an 
electric propulsion system. The RF receiver Is not likely to be less 
massive per unit area than a solar array, but could be more efficient and 
far less subject to radiation dasiage. 

Space to T.unMr Surface and Mara surfmt-m. The eventual construction 
of manned bases or settlements in space has been widely discussed In 
futuristic literature and has been the subject of some NASA and university 
studies . ^ ^ Potential locations for such settlements have Included the 
lunar surface, Kars surface, and various locations In space. Space based 
facilities could most easily provide their own power. Facilities either on 
the lunar surface or on the Mars surface could utilize beamed power. This 
Is particularly Important on the lunar surface where the lunar night lasts 
approximately 2 Earth weeks and locally generated po%rer seems practical 
only through nuclear options. The Mars day/night cycle Is similar to that 
of Earth, but the use of beasied po%#er there also may be of Interest. 

The feasibility of power beasilng Is dependent on a suitable location 
for the powxvr beasdng spacecraft. Fortunately, both the moon and Mars have 
such suitable locations. For the moon these are the lunar llbration 
points, LI for the side of the moon facing the earth, and L2 for the far 
side of the moon. For Mars the appropriate location Is the Mars analog of 
geosynchronous orbit. These locations are sho%m In Figure 2.58. Both the 
lunar llbration point LI and the aerocentric orbit provide beasilng ranges 
less than that from geosynchronous orbit to Earth, the latter having been 
considered for solar powered satellites. 

Power Levels . The solar powered satellite studies dealt with power 
levels In the thousands of megawatts. It Is not likely that early 
applications of space based power beaming %/ould deal with such high power 
levels. Therefore, one must consider systesis that can deal with 
substantially less power. 

For a lunar surface base, three principal applications of power may 
be considered. The first is life support, lighting, and other 
accommodations for base personnel. These functions will consume roughly 5 
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Figure 2.58. Power Beaming Locations 
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to 10 kilowatts par person. A second potential application is for 
agriculture. The lunar night is a long dark period, as stated above. The 
power requirement to sustain agriculture during nighttime periods may range 
from 5 to 20 kilowatts per person. A third potential power use Is 
Indigenous Industry. Two likely products Include aluminum and oxygen. 
Aluminum would have evident structural uses, and oxygen would be used 
primarily for propulsion. 

The availability of lunar oxygen would allow a simple, single stage, 
cryogenic vehicle to shuttle back and forth between low earth orbit amd the 
?unar surface. The vehicle would be fueled with enough hydrogen In low 
earr'ii orbit for the round trip and enough oxygen slsiply to reach the lunar 
surface. Oxygen would be re-fueled on the moon. Such a vehicle %#ould have 
a payload capability In each direction of 10 to 12 percent of the 
propellant load. 

The production of oxygen will require roughly 20 kilowatt hours per 
kilograun. Aluminum will be a byproduct. Depending upon the feedstock, 
alusdnum and oxygen may be produced in roughly equal mass quantities. 

Power levels on the lunar surface of a few tens of megawatts would allow 
shuttle trips every week or two between the Earth and the moon. A 
plausible power beaming system could produce Its own mass In oxygen and 
aluminum In no more than a few weeks. 

From these discussions It Is reasonably cleair that power levels In 
the range of 10 to 100 megawatts are of some Interest. Either RF or laser 
beaming might provide the power In this range. A number of studies of 
laser power beaming have been conducted, and technology recommendations for 

/ 1 P2 19Q \ 

laser power beaming have been made as a part of those studies.' '' 

Keed for Mini— »ar WAV. Rp power beaming through the Earth's 
atmosphere is restricted to wavelengths on the order of 10 centimeters or 
longer because of the intense atmospheric absorption of shorter 
wavelengths. For space to space or space to lunar/Mars applications, 
however, much shorter wavelengths on the order of millimeters or less could 
be considered. These shorter wavelengths may permit effective power 


2-225 


beaming of a few tens of megawatts with RP techniques that may be s»re 
cost-effective than laser techniques. 

Power Be aming Momograph . Power beaming Is asienable to fairly simple 
nomography to present the siost significant Interrelationships. Figure 2.59 
presents such a nosK>graph for the lunar surface power beaming range of 
28,000 kilometers. An example Is shoim. 

A transmitter aperture between 200 and 300 meters was selected with 
a 2 non wavelength. This provides a receiver aperture slightly greater than 
SOO meters to Intercept over 95% of the power beam. It Is desired to 
transmit 100 megawatts, resulting In a power density of approximately 5 
kilowatts per meter from the transmitter. If the power beasilng efficiency 
Is 50%, this results In a received power of 50 megawatts, and the receiver 
aperture and received power result in a received power density of 
approximately 100 milliwatts per square centisketer. 

The nomograph Is based upon a transialtter lllusdnatldn taper of 10 
db, which provides e£i.j.clent power beasiing with most of the radiated power 
contained within the main lobe of the power beam. The average to peak 
power density for the transmitter Is approximately .4, and the average to 
peak level at the receiver Is approximately .21. These average to peak 
ratios were used In plotting the received and transmitted power densities, 
both of which are peak values. 

Earlier studies of power beaming have suggested feasible transmitter 
Intensities of 4 to 5 kilowatts per square meter for solid state systems, 
and a little over 20 for vacuum tube systems employing magnetrons, 
klystrons, or, perhaps more appropriate for millimeter wave systems, 
gyrotrons . ^ ^ A reroived power density of 100 milliwatts per square 
centlsMter appears '.o be safe for the applications considered here, 
particularly given the very limited penetration power of mllllsieter waves. 

The Illustration shown on the nomograph indicates the applicability 
of millimeter wave systems to power blocks In the range of 100 megawatts or 
less 
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Applicability of waata haat radiators is virtually mission 
indopsndsnt, varying instsad just with tha taaparatura and total asK>unt of 
wasta haat powar which must ba rajactad. Th«i only convantional constraints 
which must ba racognizad ara that radiators should faca away from tha sun 
if thay oparata at ralatlvaly low tamparaturas, and in low Earth orbit tha 
ra-radiation from tha Earth must ba considarad in datarmining tha trua haat 
raj act ion rata from tha radiator. 

2.4.7 ad^mnesd Tsehnology 

2. 4. 7.1 Mlerowava and Mllllmstsr Phasad Arrays 

Substantial parformanca advances may ba availabla in microwave beam 
po%rar transmission through tha use of solid stats devices. A recant review 
of tha devices^ suggests that antanna-mountad gallium arsenide field 
affect transistors (EETs) acting as tha basic dc-rf converter could offer 
smaller receiving antenna areas for transmitter costs siodlar to those 
characterizing tha klystron approach. Bowavar, tha biggest advantage of 
tha solid state device is a much lower failure rata (a factor of 100) than 
vacuum tuba devices . ^ ^ Tha disadvantage inherent in this approach is 
that tha solid state devices ara constrained to oparata at tamparaturas 
like 100 *^C. Tha key question is whether or not an 80% conversion 
efficiency can ba attained. Tha status of relevant solid state technology 
is illustrated in Figure 2.60^^^^^ where it can be seen that, there is a 
large gap between achieved (67%) and desired (80*85%) conversion 
efficiency. Even if this level is achieved, tha powar per unit will 
probably be limited to 1 to 10 watts, implying that many units arc' 
required, even for modest powers. An evaluation demonstration program on 
solid state rf transmitters is currently underway at RCA Laboratories' ' 
under NA5A funding. Tha results of these inltlaJ. aiqparlmants should ba 
reviewed at thalr completion to datarmlna the advantages of further 
exploration for the Advanced Energetics Program. 

Millimeter wave power generation is of significant interest for 
various ear*'r. based applications. Accordingly, technology developments are 
t.i)cing place both with gyrotron devices (relativistic klystrons) and solid 
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Figure 2.60. Solid State CW Power Status. 
(Reference 184) 
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state systems. Radiation of the RF power at these frequencies will most 
likely be effectively accomplished with slotted waveguide radiators. The 
principle issues at millimeter wave frequencies include multifactor 
problems and the high dimensional precision and stability required to 
maintain effective radiation efficiency at these short wavelengths. 

The nomographed example in Figure 2.59 considered a 250 meter 
transmitter aperture with a 2 ran wavelength. The transmitter diameter is 
125,000 wavelengths. This may be compared to a transmitter d/ X ratio for 
the solar power satellite studies cn the order of 10,000. The latter 
figure is considered as quite challenging. By comparison, optical systems 
deal in d/ ,\ ratios of 1 million and greater. 

For a millimeter wave system, the power within each wavelength unit 
receiver cell may be, at most , a few milliwatts without additional 
focusing. Consequently, the receiving device might have to combine 
hundreds of unit cells per diode. A suggested technique is the use of 
slotted wave guide or slotted cavity resonators to absorb the RF radiation 
and -provide the power to the rectification equiparant. 

2. 4. 7. 2 Laser Power Transmission 

TRANSMITTERS 

Virtually any high power, space-based laser system must be 
considered an advanced technology. The key problems are to determine the 
best lasers for each type of application according to wavelength, power- 
specific weight, scalability to high powers, lifetime, and reliability as a 
cw source. Critical technology problems include the development of 
lightweight radiators to reject waste heat from the laser cavity (and other 
power equipment), high intensity cw laser optics, lightweight solar 
concentrators in the case of solar-powered lasers, pulsed high voltage 
systems for space in the case of EDLs, and long lifetime lasants for cw 
closed cycle operation. 
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Gas lasers or Free Electron Lasers (FEL) are virtually the only 
varieties capable of being scaled to high powers because waste heat can 
easily be transferred from the lasant at a moderate to high temperature. 

In contrast, solid or liquid laser systems do not scale well to high power 
cw operation because heat cannot be transferred easily from the lasant in 
these two cases. Table 2.27 sunonarizes the basic types of high power 
lasers and some of their features. This list is illustrative only since 
there are many lasants, for example, that could be used with each laser 
concept. Initial scaling exercises suggest that the GDL is far too heavy 
compared to EDLs and to the other concepts listed in Table 2.27 to be 
considered any further.' ' Its basic disadvantage is inherent in the 
concept of creating inverted populations with thermal energy (i.e., a 
heated gaseous lasant). The other schemes use much more selective 
inversiot techniques where the pump energy is made to excite just a few 
states instead of all of them. As a result, EOLs, lOPL, etc. have much 
less reject heat (i.e., higher efficiencies) thain the GDL. 

There are large differences in the level of development of the 
remaining laser candidates. EDLs are a well established laser technology 
at moderate power levels. A closed cycle, 15 kw cw EDL has been built and 
tested at NASA- Lewis Research Center.^ In contrast, direct optically 
pumped lasers and indirect optically pumped lasers are in a very embryonic 
stage since gain measurements are about the only test which has been 
carried out. Proof-of-concept experiments must be carried out for DOPLs 
and lOPLs before their potential can be assessed properly. The FELs have 
been operated as oscillators, but their behavior as an efficient device is 
still in debate. Several FEL proof-of-concepts are presently 
underway.^ ^ The results of those experiments should be critical in 
establishing the merit of the FEL concept. 

Clearly, new ideas in this area are required in order to make high 
power laser concepts fit the very special requirements of continuous 
operation in space. The EDL makes no special accommodations in this 
respect, operating very much as it would on the ground. Electricity is 
produced first for pumping the lasant. In some cases the lasant is kept 



Table 2.27 

Solar Driven Lasers Delivering 1 MW(e) Output at the Ground 

(Reference 209) 
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cold to enhance lasing efficiency. In the case of some excimer EDLs the 
lasant may be warm or hot, which would make waste heat rejection more 
efficient . 

In contrast, the DOPL and lOPL concepts are designed to be 
lightweight for the power they produce. The direct crtically pumped lasers 
typically have a very narrow laser absorption band in the visible (i.e., 
within the solar spectrum). This feature generally implies that an 
enormous eunount of light outside this band will also be absorbed as waste 
heat, necessitating larger radiators. However, if the light is filtered 
first so that only the laser absorption band radiation spectrum from the 
sun is focused on the lasant, then the unused radiation is allowed to pass 
through the collector, vastly reducing the size of the lasant radiator (see 
Figure 2.61). 

The lOPL utilizes a unique concept of energy recycling whereby the 
lasant absorbs a narrow band from the blackbody cavity radiation spectrum. 
This "notched" spectrum is continuously refilled by radiation re-emitted 
from the cavity walls. Thus, energy recycling permits the use of broad 
band radiation to excite the lasant in a very narrow absorption band. The 
main loss in the lOPL is the heat absorbed by the transparent tubes which 
carry the lasant through the blackbody cavity (see Figure 2.62). 

The FEL, on the other hand, has no lasant at all. Instead, an 
oscillating beam of relativistic electrons rides in phase with a growing 
light pulse whose frequency is determined by the electron energy and by the 
oscillation induced in the electron beam by a series of alternating 
polarity magnets stationed along the length of the laser cavity ( see Figure 
2.63). Waste energy is generated in the electron beam as the light pulse 
grows. This waste energy manifests itself as a dispersion of electrons in 
phase space away from a monoenergetic distribution. Recovery to a 
monoenergetic, in-phase distribution or recovery of the total remaining 
electron energy (in the case of single pass devices) is the key to 
developing an efficient FEL. The CATALAC FEL concept, developed at Los 
Alamos'" ^ and shown schematically in Figure 2.64, is based on a single 
pass FEL in which the spent electrons are recycled through the electron 
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Figure 2.61. Direct Optically Pumped Laser (DOPL) using a filter/ reflector 
to concentrate the sunlight and reduce waste heat rejection. 



Figure 2.62. Indirect Optically Pumped Laser (lOPL) using Blackbody radia- 
tion to pump the lasant and recycle the unabsorbed energy to 
increase laser efficiency. (Reference 191) 
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accelerator to help build up the HP acceleration fields. In theory, the 
old electron bunches emerge from the accelerator having given up most of 
their remaining energy. Other concepts for multiple pass devices have been 
proposed which intend to reconstitute the monoenergetic character of the 
electrons over a series of passes through the storage magnets. Each of 
these ideas ( single or multiple pass ) has some controversial aspects to it 
and will need more careful analysis and testing to assess its potential. 

The PEL does have one overriding advantage: If it works as predicted, the 

electrical energy needed to drive the accelerator can be supplied by 
klystrons, which can reject their waste heat at quite high temperatures. 
Also, PELS appear to scale quite naturally to high powers. Beam intensity 
and electron accelerator emittance pose the next highest priority problems 
when it comes to actually making such devices work at high power. 

Reversible chemical lasers may also exist which would suit them for 
high power cw operation in space. For example, a closed cycle HP laser 
system can be visualized in which the laser beam is produced by the 
chemical reaction between hydrogen and fluorine, which are regenerated by 
electrolysis. Because of the inherent storage capability possible with the 
H and F reactants, high rates of power transmission could be achieved for 
relatively short periods when needed, e.g., power beaming to users in orbit 
shadow with long regeneration periods. The power supply ’./eight could thus 
be minimized; while the laser would have to be sized for maximum pcr^/ez 
rate, a chemical laser should have very favorable power-to-weight 
characteristics. Also, as compared to CO 2 laser beaming, the shorter 
wavelength HF laser will have smaller and lighter optics and receivers. 

HP can be electrolyzed using solid polymer electrolytes ( SPEs ) in 
which porous fluorocarbon films (e.g.. Teflon) are impregnated with the HF 
electrolyte. SPE units have been developed for water electrolysis and are 
capable of high efficiency, e.g., “90%. The HF electrolyzer should have a 
relatively low specific mass, on the order of 1 Kg/kW( e ) . For power 
beaming systems with low duty cycles (e.g., on the order of i%), the power 
supply and electrolyzer weight for the regeneration of the H and F 
reactants would be negligible. 
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Figure 2.63 Free Electron Laser - Schematic of Cavity Operation 
showing interaction of photons with relativistic 
electrons in periodic magnetic field. 



61 04568 

Figure 2.64. The CATALAC Free Electron Laser Concept (Adapted from 
Reference 21 1 )il lustrating spent electron energy re- 
covery In the Linac accelerator. 
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RECEIVERS 

Numerous receiver concepts have been proposed for converting laser 
radiation into electricity. Direct conversion concepts (no moving parts) 
rely on the resonance between the incident laser photon energy and 
electronic excitation within the receiver. These devices are indicated in 
Table 2.28 as photovoltalcs amd optical diodes or microrectennas . ^ ^ 
Thermal conversion concepts can also utilize resonant absorption with the 
Intermediate development of thermal energy which, in turn, drives a heat 
engine (see thermal dyneunic cycles and thermionlcs in Section 2.2). In 
this application, resonance absorption allows very high temperatures to be 
developed in the receiver without serious re-radiation losses. 

Photovoltaic cell conversion of laser radiation can be very 
efficient if the laser wavelength is slightly shorter than the wavelength 
equivalent of the cell band gap energy. This insures that each photon 
absorbed results in a conduction electron with virtually no excess thermal 
energy. However, a certain fraction of photons absorbed produce no 
conduction electrons, and these contribute the main losses in the 
receiver. Estimates of efficiency, as shorn in Table 2.28, range from 30% 
at present to values as high as 45%. Efficiencies much larger than 45 to 
50% appear highly improbable because of recombination and diffusive losses 
of conduction electrons in the applicable semiconductor materials. The 
power is limited mostly by the array or receiver size. If the laser 
radiation is concentrated, then the higher intensities will improve the 
receiver performance up to similar limits. The disadvantage of this 
approach is that the waste heat must be rejected at relatively low 
temperatures. Nevertheless, this problem can be balanced off against the 
demonstrable reliability of photovoltaic cells. In effect, this is a fad.1- 
safe option with a relatively well-developed technology. Lac)cing a flight- 
proven laser receiver, photovoltaic cells come as close as one could hope 
to providing a benchmark for this technology. 

By contrast, only the most elementary experiments have been 
performed to test the concept of raicrorectenna designed to convert 
monochromatic radiation to electricity.' ' 


The basic concept is 
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Table 2.28 

Projections for Laser Energy Conversion 
in 1978-80 and 1980-90 
(Reference 194) 



1978-1980 

1981-1990 

1. Photovolealea 

AMOS (CaASj.j P,) 

301 efficiency 
■egawatt powar levels 
wavelengths below 1 um 

AMOS 

451 efflcien-y 
aegawatt power levels 
lower coat, i < 1 un 

2. Baat anglnaa 

Piston engine: Otto or dleael 
cycles 

501 efficiency 
1-10 kW 

wavelengths near 10.6 un 

Turbine 

751 efficiency 
negawatt power levels 
wavelengths near 5 un 

3. Theralonica 

TELEC 

401 efficiency 
1-10 kU 

wavelengths near 10.6 un 

TELEC 

501 efficiency 
■egawatt power levels 
wavelengths near 5 or 10 un 

4. Photochcalcal 
cells 

Photoasslated dissociation 
of water 
151 efficiency 
wavelengths near 0.4 un 

Photoasslated dissociation 
of water 
301 efficiency 
wavelengths near 0.6 un 

S. Optical 
diodes 

Evaporated Junction arrays 
not ready to convert power 

Evaporated junction arrays 
501 efficiency 


■•(awatt powar Icvtls 
raapond to wavelangtha froa 
UV to over 10 ua 





2-238 


illustrated in Figure 2.65 which shows a metal-oxide-metal junction being 
irradiated at optical frequency ui . Below rhe schematic are the three 
principal phenomena contributing to the development of voltage in this 
junction. These are due to tunneling caused by the incident photon energy 
and the thermal energy of the metals, each modulated at the frequency of 
the incoming light. This latter effect is the primary mode of operation 
for microrectenna: The oxide layer is designed to have dimensions on the 

order of the laser wavelength so that the oxide layer will be polarized in 
phase with the incoming radiation. The natural difference in conduction 
band energies of the two different metals insures that the induced voltages 
will be rectified to produce a pulsed DC output. The oxide forms a barrier 
to prevent lower energy electrons (e.g., thermal electrons) from swaunping 
the optically induced voltage. The experiments have demonstrated 
conversion efficiencies on the order of Theoretical efficiencies 

in excess of 50% and as high as 80% have been projected for this 
approach.' ’ The key problems are the manufacture of submicron junctions 
within acceptable tolerances, the electrical control network associated 
with these junctions, and demonstration of higher efficiencies at the 
higher intensities needed to make the junction work well. In this regard, 
microrectenna would probably work best with rapidly pulsed laser radiation 
where the average power is delivered in units of very high peak prwer 
(e.g., estimates for peak intensities are approximately Gigawatts/m^ ) .^ ^ 

Thermal conversion concepts include devices such as the laser heat 
engine and the TET,EC. Actually, there are three classes of laser engines, 
as shown in Figure 2.66. Types I and II are heat engines, while the third 
involves conversion of laser radiation to vibrational energy amd, thence, 
directly to work from an expanding gas without an intermediate thermal 
stage.^^^^^ This last concept (called the photon engine), while 
theoretically feasible, encounters too many losses in gas circulation to 
make a practicable device. The Type I heat engine operates just as a solar 
"boiler" would, since it is not dependent on the monochromatic aspects of 
the incident radiation. 
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OPTICAL RADIATION, w 



THREE MAJOR PHENOMENA: 

A. PHOTO-ASSISTED TUNNELING 



B. 


THERMAL-ASS ISTED TUNNELING 



DISTRIBUTION OF 
^THERMALLY EXCITED 
1 f ELECTRONS 





Figure 2.65. Currents in Metal-Barrier-Metal Junctions - A schematic representation 
of the three maTor phenomena which result when a metal-barrier-metal 
junction is irradiated (Reference 212) . 

A. Photo-assisted Tunneling: The "dark current" is due to the electrons, 
that are not excited. For simplicity, the electron excitation in 
only one metal is shown. 

E. Therral-assisted Tunneling: The Ferri tails are only of tr.t ord*r 
of kT. 

C. Fermi Level Modulation: Modulation is around the biasing point 
The potential barrier is simplified by a trapezoidal barrier. 
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Figure 2.66. Three Classes of Laser Engines (Reference 194) . 
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Th« Typ« IZ d«Tlc«, K resonant absorption hsat snglns, capltallcss 
on ths thermodynamic potential of the laser radiation by absorbing the 
radiation In vibrational transitions, which are well above the thermal 
excitation level of the background gas. As a result, If a noble gas such 
as helium Is used which rapidly deactivates the excited states In the 
absorber ( e . g . , SF^ or CO ) , the background gas temperature will be heated 
(Indicated In Figure 2.66 bv the transition Helium has the 

additional advantage of not radiating very well until Its temperature rises 
to 10,000 ^ or higher because It has no vibrational states. Thus, working 
fluid temperatures on the order of 3,000 ^ should be quite feasible using 
this technique, with very small re-radlatlon losses. The result la the 
potential for very high thermal cycle efficiencies. A recent study of 
resonant heat engines Indicates that only reciprocating engines utilizing 
Otto or Diesel cycles (or perhaps the high temperature expanders discussed 
In Section 2.2) can accept such high temperatures . ^ ^ Initial experiments 
on a Stirling cycle resonant heat engine have been carried out. However, 
the conclusions were that the Stirling cycle approach would be llsd.ted to 
cycle efficiencies on the order of 30 to 40% without a substantial 
materials program which %#ould still have an uncertain eventual payoff. The 
Dlesel/Otto cycle or high temperatu .e expander options offer immediate 
higher temperature capabilities with present technology, leading to 
efficiencies exceeding 50%. Experiments on these concepts need to be 
performed, with attention also to testing the effectiveness of the gaseous 
absorber and the transparent window required In the engine cylinder or 
receiver. 

The TELEC represents a second class of direct conversion thermal 
heat engine based on thermionic converter principles.^ ^ In this concept, 
laser radiation Is absorbed directly by an alkali metal vapor under high 
pressure. The dimer states of the alkali (e.g., CS 2 , Cs^....) provide the 
appropriate asorption bands in the infrared. As the vapor heats it reaches 
a state of partial ionization, at wV,ich point absorption may also occur by 
inverse bremsstrahlung . e resulting plasma is electrically conducting 
and has an elevated, non-equilibrium electron temperature which is well 
suited for a geometric version of thermionic conversion. That is, one of 
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the electrodea presents a very small area to the plasma and the other a 
very large area. The larger area collects more electrons and, hence, 
becomes the negative electrode, developing a potential difference relative 
to the small eurea electrode. The larger electrode is cooled to prevent 
bac)cward thermal enissiun of electrons. Two possible configurations are 
shown in Figure 2.67. 

Initially, laser heating experiments have been conducted with the 
TELEC demonstrating a very low efficiency (i.e., 0.1%).' ' Projected 

efficiencies of 50% have been estimated. A preliminaury review of these 
experiments and the theory is waurranted to determine the reasons for such a 
large discrepancy and to more accurately assess the actual potential for 
this class of devices. 

2. A. 7. 3 waste Heat Radiators 

Hear pipes are currently one of the most attractive waste heat 

radiators for higher power systems. Advainces in this technology are 

required if higher powers are to be achieved in space. Higher temperature 

heat pipes would help to reduce radiator weight. Also, as radiator sizes 

increase, longer heat pipes or combinations of heat pipes cmd forced 

convection radiators will be needed. Considering the limit to present heat 

pipes to be approximately 3 meters, this would span a radiator with 

2 

characteristic area of 56 m (counting both sides of a circular curea). At 
a radiator temperature of 600 approximately 400 hw of waste heat can be 
rejected. With a 25!i efficient thermal cycle, this radiator could 
accommodate a pow'-r system delivering 130 kw of nrt electric power. 

High ■:feTrperature heat pipe radiators (i.e., 775 ®K) are being 
investigated for space nuclear power plants at Los Alamos.^ These use 
potassium and are fabricated of titanium. By comparison to the example 
given above, these high temperature heat pipes would be capable of reducing 
the radiator area by 65%; alternatively, the net electric power output 
which could be accommodated could be raised to 380 kW. Fabrication of 
these heat pipes and subsequent reliabilxty still present substantial 
technical challenges. 



EMITTER 



EMITTER 



Figure 2.67. TELEC Electrode Configurations (Reference 194) 
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It Should also be pointed out that the power-specific weight of 
those heat pipes follows approximately the inverse dependence associated 
with heat pipes at other temperatures and does not have any additional 
weight savings other than that associated with higher temperature 
operation. They also suffer from the same puncture liabilities as other 
conventional fluid cooled radiators . 

There are several novel radiator concepts such as the dust,^^^^^ 
droplet, and belt radiators^ ^ that involve material transfer as 
part of the cooling and radiating process but which are not subject to 
puncture failure and which have much larger radiator areas without the 
conventional structural constraints. Both the dust and droplet radiator 
are based on the idea that a large radiator area can be achieved in this 
way and that meteorite strikes will simply remove a small portion of the 
"coolant” materials as they pass through the sheet of dust or droplets 
enroute from a transmitter nozzle to a "catcher" placed some distance 
away. The droplet concept appears to be more attractive because of the 
ease of moving liquids within the po%#er system and because direct contact 
heat exchange by heat conduction and forced convection within the system is 
simplified relative to solids-solids heat transfer. However, liquids will 
tend to have a higher vapor pressure than solids, so that n.aterials loss 
may be a problem. Even if only a small fraction of the liquid evaporates 
during a mission lifetime, the transport and condensation of the coolant 
onto other parts of the spacecraft exterior could be detrimental. Examples 
of these two concepts are shown in Figure 2.68. 

Initial estimates of the droplet radiator power-specific weight 
suggest that an order of magnitude reduction might be possible . ^ ^ This 
would be an extremely significant advance if it materializes, since it 
would affect the competitiveness of all thermal power systems relative to 
photovoltaics systems in terms of both reliability and weight. To this end 
there is a need for careful evaluation of the droplet radiator concept to 
accurately account for all of its components in a systems context in order 
to estimate its weight. Initial experiments on droplet formation and 
radiation are in progress . ^ ^ 


If these prove successful, then some of the 
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(b) Droplet Radiator 


Figure 2.68. Dust (a) and Droplet (b) Lightweight Waste Heat Radiator 
Concepts for Space Power Systems. (References 215 and 216, 
respecti vely) 
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critical technology should be tested; for example, a multi-droplet 
injection system and the droplet catcher. 

The belt radiator suffers from much the same problems as the dust 
radiator except that solid-solid heat transfer is more easily 
accomplished. A study is in progress now to compare droplet radiators to 
belt radiators. ^ ^ It will be useful to review the results of that study 
before attempting amy further research on belt radiators. 

2.4.8 Power Transmission Conclusions 

Application of power beaming technologies to support space 
propulsion systems or space bases is clearly some years in the future. 
Therefore, the energetics technology activities appropriate in the next few 
years are those essential to understanding the feasibility of these 
concepts. There are three main feasibility issues:. 

1. Phase Control: The need to reach high phase front 

precision over large antennae at frequencies of 100 chk 
and more indicates the need for new phase control 
approaches. The phase control technologies employed in 
solar power satellite research used RF phase 
distribution and RF phase conjugation to achieve phase 
control. Phase distribution systems typically operated 
at something like 400 megahertz. Since phase errors 
are multiplied by the frequency multiplication ratio, 
the use of phase distribution at this frequency and 
multiplying up to 100 jHz or more for beam production 
would magnify 1 degree phase errors to something like 
360 degrees. Therefore, frequencies and high d/X 
ratios more nearly like optical techniques may be 
appropriate. This would involve free space 
illumination from the back side of the transmitting 
surface for phase distribution and interferometric 
techniques with feedback to provide the beam shaping 
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through active structures to manipulate the transmitter 
surface. A traveling wave Interferometric technique 
may be appllcaOsle here.' ' 

2. Millimeter aind Optical Wavelength Receivers: The 

principal Issue here Is the developsient of a 
rectification device that can convert these high 
frequencies to DC electric poirer. Possible candidates 
Include microrectenna, photovoltaic cells, and laser 
heat engines. 

3. High Voltage Power Supplies: In the eventuality that 

gyrotron devices are used ais mllllineter wave 
generators, then high voltage power supplies will be 
required. High voltages are llXely to be needed for 
other high power spacecraft applications; for example, 
to reduce on-board power distribution losses. Voltages 
of Interest range from 1 kilovolt to 100 kilovolts. 

High voltage power processors will also be required. 

In addition, the very basic question of the relative merits of power 
beaming versus on-board power production should be reviewed thoroughly as 
the technology of laser and rf sources develops. Specifically, the 
relative advantages of new laser sources should be analyzed. These Include 
the suggestion of a reversible chemical laser for space power beaming. 
Direct and Indirect optically pumped lasers need to be carried through the 
proof-of-concept experiments to determine their actual potential. These 
latter two laser concepts can obviate the need of high voltage power 
sources listed as the third feats Iblllty issue above and, therefore, have a 
chance of leap-frogging over a formidable technical obstacle. 

Significant advances appear to be in the offing through the use of 
high temperature materials in heat pipes. We recommend the following 
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topics for ress&rch in vasts hsat radiators, in addition to the Los Alamos 
heat pipe development program 

1 . Droplet Heat Radiators t Test the critical technologies 
required for the fea.nihility of this concept and 
conduct a careful systems amalysis and preliminary 
designs to determine its true power-specific %felght. 

2. Evaluate the desirability of Zero-G eiqwrlsients to 
demonstrate the operation of condensating radiators and 
long heat pipe operation (e.g., see Reference 219). 

Z . 5 Power Processing 
2.5.1 Introduction 

In the past, power processing on-board spacecraft has mainly 
performed the conversion of low voltage DC power from photocells or 
thermoelectric cells to a wide range of on-boaxd power uses from high 
frequency communication output and very steady voltage and current supply 
conditions required for scientific instruments (e.g., computers, data 
storage, detectors) to battery charge and discharge voltages amd currents. 
Redundancy is required in order to guarantee reliability for the mission 
lifetime. Also, the power processing units, usually inside the spacecraft, 
must be cooled in order to maintain proper operating temperatures. In 
short, the power processing category includes all of the power busses, 
power conversion (electric to electric) needed to connect supply to end- 
use, and the auxiliary equipment (coolers, radiators, control systems) 
needed to keep these components operating properly. 

As po%rer requirements rise into the 100 kW range and higher, the 
absolute size of the power busses and converters will make it more 
attractive to increase the voltage and frequency of the power delivery 
system by reducing line losses and making voltage conversions more 
efficient, Upper limits in voltage and frequency will be imposed by the 
voltage characteristics of the primary electric power sources (e.g., 
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photocells or thermal power supplies) and by the length and configuration 
of the power busses (le., "antennae" and transmission line effects). 

The specific mass of power control or processing units Is currently 
abo'/e 10 By 1990, development of current technology should 

succeed In decreasing the specific mass of such units below this llmt. 

The functions being supplied by the power processing units will also be 
increasing their requirements on the system, especially in the area of data 
handling (i.e., scientific and communications satellites). Therefore, the 
challenge to power processing technology is to handle higher voltages in 
space and higher powers ( multi-hundred )cllowatts ) and to reduce weight ( and 
cost) of the processing units. 

2.5.2 Reqiii rementa 

Present power processing systems are based on 28-60 Volt, O^SO amps 
regulated current supplies. Such systems typically must be maintained 
below 250 to avoid degradation of Insulators and conducting connection 
and to keep temperature dependent resistivity from rising too high. Also, 
solid state components lose their efficiency at higher temperature. The 
maximum temperature constrains the temperature at which waste heat can be 
rejected. A minimum temperature, typically of -20 °C, is often imposed to 
prevent the extremes of thermal stress at electrical connections in order 
to maintain reliable operation over the mission life. 

Higher power systems and larger areas over which power must be 
collected and distributed very quickly lead to much heavier power 
processing systems measured in mass per unit power unless higher voltages 
and higher temperatures can be utilized. Additional weight savings may be 
realized by faster switching devices to eliminate unnecessary inductor and 
capacitor weight. 

For missions far from the earth, where message round-trip time 
exceeds the time needed for internal power processing response functions to 
varying internal and external power demands, fault correction, cycling. 
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etc., then a need exists also for autonomous control systems to monitor the 
processing unit and effect its operation to maintain its reliability. 

Further, standardization of the paw9x processor inputs and outputs 
with spacecraft user voltages, currents, and frequencies is extremely 
important in order to ensure a proper match between all of these 
components . 

2.5.3 Power Pr ocessing Technologies 

Power processing includes all the electronics and cabling to convert 
the output of the energy converter and/or the storage element into 
controlled, regulated power at the load. See Figure 2.69 for the blocks of 
a typical power processing unit. 

This unit consists primeurily of a few key generic component types, 
including active solid state switches, passive switches (diodes), 
capacitors, inductors, and conductors. Since future missions will involve 
operation of spacecraft at higher power levels, higher voltages and 
currents, and perhaps with lower weight requirements for power systems, 
there are needs in each component area for advanced technology elements. 

The following sections detail each component type as to status, needs, and 
possible tcurgets of opportunity where leverage for significauit advances 
appears to exist . 

2.5. 3.1 Switches 

ACTIVE SWITCHES 

The bipolar transistor is the workhorse of space power processing at 
present, with space-qualified components available at 28-60 volts, 0-50 
amps, with switching speeds of up to 50 )cHz. 
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Figure 2.69. Schematic of Power Processing Unit. 
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DIODES 


Present diode technology offers bipolar devices at hundreds of volts 
with switching speeds increasing with current capacity, from 30-100 
nanoseconds at 5 amps to microseconds at hundreds of amps. 

2. 5. 3. 2 Capacitors 

Capacitors consisting of foil wound packets play the classic role of 
capacitors in LC circuits to provide given tunable frequency output po%#er. 
Tantalum capacitors offer high energy density, high current capability, emd 
low dissipation factor up to 125 volts. 

2. 5. 3. 3 Inductors 

Inductors also satisfy the usual role of shifting voltages up or 
down through inductive coupling and, as described above, provided the 
appropriate inductance in LC frequency synthetic ( oscillator ) circuits . 
Magnetic components at high frequencies must have low eddy current losses, 
low hysteresis losses, and high magnetic flux density capabilities. 
Presently ferrites and Moly-Permalloy Powder (MPP) cores are used for low 
power levels. 

2. 5. 3. 4 Conductors 

Conductors, usually copper or aluminum wiring, connect most of the 
elements of power processing units to convey the power and control function 
from one point to the next . 

2.5.4 Limit to Present Power Processing Technology 

Presently availaOile space quality transistors for high speed 
switching converters are available in the range of 28-60 volts, 0-50 amps, 
and 20-50 kHz. The associated tantalum capacitors, diodes, inductors, 
etc. a..e available also: 

a. Transistor switches with Beta 10 up to 350 v 
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b. Diod«s with switching tinss nsar 50 nanosecond, 

Schottky diodes with faster tines for under 40 
volts 

c. Ferrite magnetic core material for switching 
applications 

d. Tantalua capacitors up to 125 v - alumlnun above 
that. 

More than many other areas, power processing packages represent a 
synthesis of the available component technologies. Lack of any one 
component makes a design unsianageable . 

Current prograois include^ ' 

e Spacecraft Charging Program (high voltage systems 
interaction with the ambient space plasma) in 
cooperation with the Air Force. 

e Automatic System Controls for on-board system 

monitoring fault identification, fault correction, 
and control (at JPL) using the Viking Orbiter solar 
array/battery power system. 

e High Power System Technology Prograun ( at MSFC ) for 
multi-hundred kilowatt systems. 

e Power Systems Modeling (at GSFC)t AC/DC models for 
solar arrays, batteries, power processing, and 
control equipntent. 

e Power Component Development! high power switching 
transistors, inverters, converters, and circuit 


breakers . 
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In thia latter program area, NASA expects to des»nstrate t 

1. Transistor power handling capability of 125 amps at 
500 volts (and a gain of 1C) with possible 
extension to a 1000 volt, 30 amp transistor. 

2 . SCR circuit breaker capable of handling 1 kv at 25 
)dr, allowing the use of 500 v (high voltage) power 
bussing system. 

3. Bilateral power converters which transform AC 
polyphase powers to ccntrollable AC or DC povrer 
weighing 1 kg/kw at 25 kw (used at base of solar 
array to convert solar array power to AC using a 
rotary transformer). 

The technical challenges in power processing are to achieve high efficiency 
while maintaining low weight and cost. Higher efficiency means smaller 
solar arrays for a given power output as well as less waste heat to reject 
from the power processing units. Further, it is desirable to be able to 
operate the power processing units (that dissipate energy) at higher 
temperatures so that the waste heat radiator can be reduced in size. At 
present, component temperatures are limited by semi-conductor temperature 
constraints (i.e., for Silicon SRCs); using a different material that could 
operate at a higher temperature would be better. 

2.5.5 Basis of Comparison 

The level of performance to be used as a benchstark will be taken 
from an existing satellite power system operating with a photovoltaic cell 
power source and a nickel cadmium battery energy storage s/sten. We have 
chosen the power system associated with the satellite INSAT-I as 
exemplifying the present state of technology.' ' In this system, power is 
bussed at DC voltages of 26.5 to 42.5 V, currents of 0 to 45 amps for 
average power levels of 940 watts, and a seven year design life. Power 
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awitchlng Is accomplished by Dc to dc converters which utilize magnetics 
and a hybrid microcircuit consisting of chip and wire components in a thick 
film ftubstrcce. The converter has am efficiency of 80% or better. Voltage 
control is accomplished with capacitors to limit the rate of chamge to less 
than ±3.5 v/ms. Battery discharge is controlled by parallel redundant 
discharge diodes . Any advanced or new technologies should provide a 
significant improvement over these performance levels in order tc qualify 
for serious attention in the Advamced Energetics Program. 

2.5.6 Application to Generic Mlsaiona 

Future systems will press the limits by going to higher voltages and 
higher frequencies. All missions, including LEO and GEO, require power 
processing and benefit from advances via weight savings axid/or higher 
efficiency. 

2.5.7 Advanced Power Processing Technology 

2. 5. 7.1 awitchtB 

ACTIVE SWITCHES 

Since the weight of the processor is dominated by inductor, 
capacitor, and heat sink, the use of faster devices results in 1/f 
reduction in filter weight while also reducing switching losses. Devices 
are available at voltages up to eoo volts in non-qualified form, but as the 
currents go up the spoed comes down. A family of higher speed devices with 
multi-hundred volts and tens to hundreds of amps capability is needed . 

The VMOS FET represents a quantum improvement in switching speed at 
high powers. Present developsmnt by the terrestrial power conditioning 
market has produced a rapidly improving series of devices by many 
suppliers, with voltages over 400 volts and currents into the tens of 
amps. It is vital that these devices be made available to the spacecraft 
designer for 100 kHz - 1 KHz switching of power. Lower "on” resistances 
are the key parameter at present. However, these devices may suffer from 
radiation effects as other MOS devices do. For example, early in 1900 a 
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'.7105 power FET was tested for radiation resistemce at MIT Lincoln Lab at 

12 

1.5 KeV. It taj led at a total exposure of 30 !Crads or 1 x 10 electrons 
per square centimeter, a relatively low level. The mode of failure was a 
reduction in threshold voltage to below zero volts . Thio indicates a need 
for the evaluation of radiation effects and for either shielding or 
radiation-resistant device development for the generic cleiss of VMOS power 
FETs . 

Lightweight, solid state switches which are a close equiva.1er>t to 
relays are needed. Such developments would greatly improve reliabilacv and 
life, for failed components and devices can more easily be switched out 
while retaining use of other components associated with the failed device. 
MultiJcilowatt spacecraft will have dozens of batteries, chargers, 
regulators, and other power components, and the problem of switching 
oecomes formidable. Two important devices which are keys to this 
development are 1 ) the inverted transistor which has a voltage drop less 
than 0.1 V, but unfortunately has too low a breakdown voltage, less than 
9.0 V; and 2) VMOS power FETs t^ich have high breakdo«m voltage (35 to 90 
v) and low leakage current when off (O.*; micro-amp) but too high a 
resistance when on (about 1.4 ohm at 1.0 am^S;. Reseaurch to improve these 
two devices is needed. 

PASSIVE SWITCHES 

Schottky diodes offer very high speed but at low voltages. To 
properly utilize a VMOS transistor at its highest speeds, faster high- 
voltage diodes are needed. These may be faster bipolar devices or higher 
voltage Schottky devices, the latter being most probable. 

Both diodes and transistors require heavy heat sinks due to their 
low temperature limits. New semiconductor materials -:apable of higher 
temperature operation would reduce this weight. 
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2. 5. 7. 2 Capacitora 

High energy density, high current capability exists up to 125 V. 
Above this, there are low dissipation factor, low current devices or low 
energy density (aluminum) devices. There is a need for a new family of 
capacitora combining these features for multi-hundred volt systems. 

2. 5. 7. 3 Inductors 

A new material capable of efficient high frequency operation at 
higher flux density, and usable for higher powers is needed. For exaunple, 
metallic glass materials, such as Netglas by Allied Chemical Corporation, 
represent one possible approach to achieve these performance goals. Thin 
( 1 to 3 roil) ribbons of eunorph',^ ^ material, made of metal-metalloid 
combinations, have been produ'.^ and made into transformers as large as 15 
kVA. These units feature very low magnetization currents, low hysteresis 
lossea, and potential for low eddy current losses. 

The presently produced Metglas material, cptimized for 60 Hz 
applications, is good for any use below 1 kHz and has core losses as much 
as 7 times lower tham conventional transformers. 

For higher frequency applications, a different material chemistry 
and the development of interlaminar insulation techniques will probably 
reduce the eddy current losses to allow very attractive designs. 

2. 5. 7. 4 Conductors 

The large weight of copper distribution wiring may be reduced by 
using advanced high conductivity, low weight materials, such as those 
formed by "doping” materials in a caurbon matrix with anisotropic 
properties. This represents the development of a long-term technology with 
significant potential. present, even the problems associated with such 
components are not well defined. 


2-258 


2.5.8 Power Processing Concluaiona 

By focusing on the component level, the needs for space power 
processing have been treated at a basic technology level. The main thrust 
for new and advanced technology in this area comes from mission goals 
requiring higher powers and lighter «/eights. Power processing for multi-kw 
systems presents a whole new set of problems related to system size, heat 
loads, reliability, and distribution of povrer. Major advances appear to be 
possible in virtually every category of power system components reviewed. 
Specifically, we recommend the research be considered in the following 
areas : 

1. VMOS FET's allowing higher frequency operation with 
much higher power gain compared to minority-carrier 
devices. Power supply frequencies from 100 hHz to 
2 MHz can be achieved and, in general, weight is 
inversely proportioned to frequency. However, VMOS 
may be subject to radiation damage. This problem 
should be assessed and, if possible, hardened 
families of devices developed. 

2. The above switching speeds are only possible if 
diodes can be developed which are fast enough. 

Below 40 V, SchottJcy devices do this. A family of 
higher voltage diodes with Schotthy speeds and 
multi-hundred volt ratings are needed to match the 
VMOS capabilities. 

3. Higher efficiency transformers are needed. As one 
possible example, new magnetic materials made of an 
amorphous metal ribbon are now being developed. 

This material has much lower hysteresis losses than 
steels, and may be able to replace ferrites and 
tapewound cores. present, the material is 

excellent from 40 Hz up to 1 KHz. The material 
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resistivity must be increased and inter-layer 
insulation improved for use at higher frequencies 
to avoid eddy currents. This appears feasible but 
has not yet been pursued. Needed eure: 

e insulating layer techniques 
e methods of applying to gapped 
components 

e further material improvement to 
reduce eddy current losses 

Potentially much smaller, lighter magnetic elements 
in 20 KHz to 1 MHz frequencies are needed. 

4. Extension of tantalum or other high energy densr.ty 
capacitor technology to higher voltage levels. 

5. Investigation of new conducting materials capable 
of maintaining high conductivity and lifetimes at 
lower weights than copper or aluminum. 

In addition, we recommend that the following studies be carried out to 
develop additional data needed to evaluate the potential of advanced power 
processing technologies: 

e Determine the critical problem areas in high power 
spacecraft processing and distribution systems 
emphasizing the consideration of high voltage 
level, high current level options and the 
interaction with the spacecraft environment . 

• Determine the areas of application and need of 
energy storage for pulsed power amongst NASA's 
mission requirements. 
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• Conduct a systems study of autonomous controls of 
power system, especially the battery subsystem. 


Section 3 


MISSION ENABLING TECHNOLOGIES 


3.1 Introduction 

Advanced energetics technologies can enable new capabilities to be 
realized in missions already on the drawing board and may allow the 
conception of entirely new missions. The main questions aret What real 
mission needs exist for advanced energetics? How well can advanced 
energetics meet these needs? In which ways can these technologies enable 
new missions? The following discussion of generic missions points out 
specific needs and refers to advanced technologies which have the potential 
for satisfying these needs. 

3.2 Low Earth Orbit Operations 

Missions in low Earth orbits that will benefit from advanced 
energetics include mar>ned and unmanned science, applications, and 
operations platforms as well as specialized single-purpose missions such as 
materials processing or space-based manufacturing. Mission planning for 
space platforms has concentrated on applications which are Eairth-observing 
or Earth-oriented and on operational systems such as the proposed Space 
Operations Center. The latter is conceived as a manned platform to 
facilitate space operations including construction of large satellites, 
transportation servicing, and servicing of low Earth orbit missions or 
satellites . 

The low Earth orbit environment presents certain problems to the 
energy supply designer. In order for the low ’ arth orbit to be readily 
accessible by the Shuttle, it must be placed at an altitude no higher than 
500 kilometers and very likely will be placed as low as 400 kilometers so 
that the Shuttle can reach it without an orbit maneuvering system kit. The 
drag of power-intensive platforms in a low Earth ortit is dominated by the 
solar array. In order to compensate for drag, it is necessary to 
periodically resupply these vehicles with orbit makeup propellant. Such 
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resupply can be expensive in view of space transportation requirements. 
Consequently, there is a high payoff for improving the efficiency of the 
solar array to reduce its area and, therefore, its drag. Drag could also 
be reduced by using solar thermal (e.g., Brayton cycle) or nuclear power 
systems. Similar advantages will accrue to efficiency improvements in the 
power processing and energy storage systems. 

Low Earth orbits experience roughly 15 shadow periods per day. 

During each shadow period available power must be supplied by batteries. 

The tendency in future systems is to consider longer and longer mission 
life periods. Over a ten year life, the battery storage system of a low 
Earth orbit spacecraft may experience over 50,000 charge/discharge cycles. 
Batteries for low Earth orbit spacecraft can be replaced by a Shuttle 
flight (or possibly by service from a co-orbiting Space Operations 
Center). There is a tradeoff between battery life, depth of discharge, and 
replacement cost. However, a significant value exists for improving 
battery life at a given depth of discharge. Similarly, the turnauround 
efficiency for the energy storage system provides the seuse benefit am 
increased efficiency of the solar array in reducing drag and orbit nudceup 
propellant requirements. 

Presently, for large-area long-life systems, the coll inion 
environment in low Earth orbit is dominated by man-made debris. The 
expected flux of objects ranging upward from a few millimeters in size is 
orders of magnitude greater for man-made debris than for the natural 
micrometeroid environment. The collision design requirements for objects 
of 100 square meters or more for extending periods in low Earth orbit is 
dominated by the problem of collisiors with man-made objects from 1 to 10 
centimeters in size. Crew compartments must be heavily shielded. However, 
for lightweight, large-area systems such as solar arrays, the only 
practical design approach is to ensure graceful degradation in the event of 
collision damage. 
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3.3 Scientific Mlaaiona 

Scientific missions often place special constraints on spacecraft 
power systems in addition to those of performance, weight, cost, etc., 
which apply for all types of missions. The major areas of concern are (1) 
that some of these scientific missions must gather data in unusually 
hostile environsients, and (2) that the power system must not interfere with 
the performance of the measurements. 

Operatio n in Hostile Environments 

Table 3.1 lists several possible future missions with unusual 
environmental requirements. Ir. addition to those requirenients, an 
important problem is due to the effects of cosmic dust on spacecraft. This 
problem is directly related to the collection and concentration of 
particulate debris and subsequent impact on solar cell obscuration, 
operation of high voltage power systems, and possible malfunction of other 
power components. This is an area deserving of further study. 

spacecra ft Cleacliness 

Nearly all magnetospheric, planetary, solau:, and deep space 
scientific spacecraft carry instrumentation to measure the local charged 
particles and electric and magnetic fields and waves. Typical sensitivity 
or natural background levels are as follows: 

a. E)C magnetic fields: 1 Gauss at the sensor, which is 

often mounted on a boom to be far removed from 
spacecraft magnetism. 

b. Electromagnetic and RF interference: See Table 3.2(a) 

amd (b) for a typical instrument (Galileo). 

c. Electrons: For energies above 30 ev, integral flu 

-2 -1 

[■ number of particles cm s with energy > E(MeV)] ■ 


ation In Hostile Environments 
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Table 3.2 (a) 

Galileo Electric Field Sensitivity 


Frequency Range 

Integrated Electric Field 

1 Hz - 4 kHz 

0.5 uV/m in 30!!^ bandwidth 

4 kHz - 400 kHz 

0.5 uV/m in 13Z bandwidth 

1 Kz - 2 kHz 

50 wV/m 

250 Hz - 85 kHz 

50 uV/m 

400 kHz - 10 MHz 

0.5 uV/m in 1 kHz bandwidth 
between harmonics of 2.4 kHz 
power supply frequency 


Table 

Galileo Magnetic 

3.2 (b) 

Field Sensitivity 

Frequency Ran^e 


Integrated Magnetic Field 

1 Hz - 1 kHz 


40 uy in 30!* bandwidth 

1 kHz - 100 kHz 


30 uy In 15Z bandwidth 

1 Hz - 2 kHz 


2mY 

250 Kz - 85 kHz 


Imy 








3-6 


1/E^. At lotrar anargiaa, the total Intagratad fluxes 

Q ^1 

are of the order of 10 cm s . 

d. Cosmic ray protons: In the energy range 1 keV to 1 

MeV, integral flux as 3/E^*®. 

The outer spacecraft surface is normally required to be an equipotential, 
within a few Volts. We note that solar panels aira often a greater source 
of RF interference than RTGs, but that the radioactive decay products of 
the RTGs tend to interfere with the cosmic ray measurements . 

Power Reouirementa of Scientific Experiments 

In general, the scientific experiments which are most demanding on 
the spacecraft power system are active nmignetospheric experiments in which 
ions, electrons, or plasma waves are injected into the magnetosphere, and 
the response of the magnetosphere to this perturbation is measured at both 
the point of injection and elsewhere. At present (e.g., Spacelab 1), the 
power available for wave injection is "e kw in one 15 minute pulse each 4 
hours. For future experiments, hundreds of kw at hundreds of Volts with a 
50% duty cycle would be desirable. Future particle injection experiments 
will need many amps at tens to hundreds of kV; a few percent voltage 
control would be adequate for these experiments. 

Accurate high voltage control is required for particle emalysis 
instruments, especially those which use solid-state detectors. The present 
state-of-the-art is "30 kV with "0,1% stability. Instrument performance 
would be improved if the voltage level could be increased to "100 kv. 

3.4 Power Tranamission 

A great deal of power transmission analysis and some experimentation 
has been conducted, mostly with respect to the use cf this technology to 
transmit power from space to Earth for eventual commercial use. However, 
there are space-to-space transmission applications that might prove 
attractive under certain circumstances. Examples include the use of space- 
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tc-apac« transmission to provids powsr to lunar or Mars surfacs stations. 

A spacs-bassd power transmission system might prove preferable for such an 
application as compared to a nuclear reactor system. Due to the long 
duration of the lunar night, lunar-surface-based solar arrays with battery 
storage are is^ractical. Freed from the requirement to select a power 
transmission frequency that can easily transmit the Earth's atmosphere, one 
could deal with jnillimeter wave or laser systems at much higher frequency 
and transmit much smaller blocks of po«rer over the distances from the LI or 
L2 lunar libratlon points to the lunar surface, nie transmission distance 
is somewhat less than that from the surface of the Earth to geosynchronous 
orbit. Laser power transmission systems with net power outputs as low as a 
few hundred kilowatts might very t^ll be feasible. The accomplishment of 
such power transmission capability for long time lunar surface missions 
will require substantial advances in steady-state laser technology and 
laser light-to-electric conversion technology. At somewhat higher power 
levels, millimeter wave RF systems might well be used with technology more 
nearly like that presently in use for laurge phased array systems. These 
''oncepts have been discussed in greater detail in Section 2. 

3.5 Solar Electric Ptopulaion 

Solar electric propulsion offers an attractive capability for 
advanced solar system exploration missions as well as a potential econosiic 
advantage for large scale cargo delivery between low Eaurth orbit and 
geosynchronous or other high Earth orbits . 

For solar system exploration missions there is a technology 
performance breakpoint above which the mission performance improves 
dramatically. The effect was discovered empirically during nusMrical 
integrations of solar system escape missions. In suasnaxy, if the po«^r to 
mass ratio of the electric propulsion system is above a certain level, then 
the system can accelerate to a high velocity before it is too fax from the 
sun to derive power from it; otherwise, the system will gain thrust too 
slowly and achieve only a modest velocity at a distance so far from the sun 
that It cannot gain much mors energy and ran only spiral slowly away from 
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the aun. The performance breakpoint occura appronlnately at an 
acceleration level of 10~^ «/aec^ at Earth 'a diatance from the aun. with a 
typical electric apeclfic impulae of approximately 5000 aeconda, thla 
requlrea a apeclfic power of 30 watta of jet power per kilogram of vehicle 
maaa. Thia apeclfic power la about 5 timaa that of the aolar electric 
propulaion ayatem (SEPS) preaently under atudy by NASA. The SEPS will uae 
planetary flybya to achieve a alingahot effect to reach the outer planeta. 
With a aufficlently high performance aolar array, thia might not be 
neceaaary and could reduce the mlaalon time to juat a few yeara. Reaching 
30 watts per kilogr«..i would require improvementa in aolar arraya aa well aa 
improvements in lightweight power processors . 

The operation of a solar electric propulsion system between low 
Earth orbit and geosynchronous orbit entails a very high level of radiation 
exposure in the Van Allen radiation belts. With today's photovoltaics , 
this presents a serious problem of radiation degradation. There are 
several possible avenues of technology developaient that could miniaiixe this 
difficulty. Clearly, improved performance reduces trip time and reduces to 
some degree the degradation due to radiation. More important would be a 
means of restoring lost array output through annealing of the aolar cells, 
selection of a very radiation-hard photovoltaic material, or selection of a 
design approach in which the cells may be adequately shielded from 
radiation . 

Some of the thin film technologies may offer promise of increased 
radiation hardness, but too little experimental data exists today to make a 
firm conclusion in thia area. Subjects promising for research include 
thermal annealing of silicon and galium arsenide solar cells, radiation 
hardness of thin film galium arsenide and other thin film systems, and 
design studies of thermal photovoltaic systems to assess efficiency and 
performance potential. 
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3.6 Advancad Spaca Propulsion 

Tha inportanca of advancad spaca anargatics to advancad ipaca 
propulsion can hardly ba ovarstatad. In this dlacusslon conaldar 
advancad space propulsion to ba propulsion systams capabla of Baking spaca 
flight tr tha moon and planata routina. Soma of tha difflcultias 
assocle.tad with intarstallar flights ara also lllustratad. 

Advancad anargatics may also ba iavwrtant to Earth launch 
propulsion, but this is forsaan as furthar in tha futura. Up to 2 ordars 
of magnituda cost improventant bayond tha projected :o8ts for tha space 
shuttle is potentially acnievabla through improvemants of reusable liquid 
propellant rocket launch vehicles. Since this is an evolutionary rather 
than a revolutionary path, it is quite likely that advancad energetics will 
not ba applied to launch propulsion until such time as these evolutionary 
improvements have been exploited. It is likely that tha next 30 years or 
so will be devoted to driving the cost of transportation to low Earth orbit 
down to the SIO per kilogram range, sootewhera near tha lower limit 
achievable with chasdcal rocket technology. 

Advanced energetics has potential application, in a timeframe 
parallel with this 30 years, to propulsion from Earth orbit to more distant 
destinations. Chemical ..ockat systems are very marginal for space 
transportation beyond low Earth orbit because of theix relativeay poor 
specific impulse or jet velocity. Advanced anargatics offers the 
possibility of much higher specific impulses with acceptable thrust to 
weight ratios. 

A relatively simple analysis can shed considerable light on the 
performance levels desirable for routine transportation within the solar 
system. This sisq>le analysis recognizes that systeisa capable of desirable 
trip times will have enough thrust such that to first-order approximation 
the sun's gravity field can be ignored and a simple, straight path 
acceleration and deceleration algorithm can be used to establish trip times 
of interest. Figure 3,1 was derived for acceleration to distant objects 
uFing this si.Tiple algorithm. Th^e chart is drawn for one way acceleratio.n. 


SHIP TIME IN YEARS 


Figure 3.1. Trip Time Relationships 
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If deceleration at the target is desired, then one can cover twice the 
distance indicated in twice the time indicated. 

Numerical integration was used to establish the relativistic effect 
at very high velocities. The relativistic effect is not very important for 
conceivable systems of practical interest. Even if we presume a perfect 
matter annihilation engine in «#hich matter is converted to collimated 
energy directed as thrust, the vehicle will have converted 90% of its mass 
to energy by the time it reaches the point on the 1 G curve labeled .9. 

Relativistic effects were determined using the special relativity 
algorithms. Since the analysis was based on an inertial frame of 
reference, it is unnecessary to consider general relativity even though the 
vehicle is accelerated. 

Representative distances within the solar system and to one of the 
nearest stars are shown. The solar system distances to plamets neaurer them 
Jupiter aure not enough less than Jupiter to merit additional lines on the 
curve. 


The two princ^ipal figures of merit for an advamced propulsion system 
are its specific impulse, or jet velocity, and the representative 
acceleration it can develop. Figure 3.2 illustrates the performance 
potential of space propulsion systems as a function of these two 
parauneters. Several parameters are cross-plotted on the curve. First, 
since propellant consumption is proportional to acceleration and inversely 
proportional to specific impulse, diagonal lines trending upward to the 
right are lines of constant time required to consume 90% of the ship's mass 
as propellant. These lines are positioned such that the acceleration 
during the propellant consumption time is constant; in other words, thrust 
is decreasing as propellant is consumed. The curves would shift slightly 
for constant thrust, but not very much. 

The chart is constructed on the premise that a power limited system 
will always be used in a continuous thrusting mode. One can show that if 
the propulsion system is power limited, then to reach any given destination 
in the shortest possible time one should operate the propulsion system all 


ACCELERATION IN G's 

O PIot is inaccurate 
below 10"'* g's; 
tends to underesti - 
mate trip time. 


Figure 3.2. Space Propulsion Performance Regimes 
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th« tlM and aalact tha hlghast spaclflc laqpulaa that ona can utiliia to 
raach tha objactiva in tha indicatad tiaa. 

Tha curvaa for Jupltar, Pluto, _id Alpha Cantaurl ara croas-plottad 
on thia curva baaad on whara thay croas tha accalaratlon and tiaa linaa on 
tha prior curva. Ona can aaa that acc< 'a..at.^ona on tha ordar of 10~^ G'a 
with apacific ij^pulaaa in tha 10 to 20 thouaand aacond ran 9 # %Pould allow 
traval anywhara within tha aolar ayataai in a mattar of aontha, and that to 
bagin to think of traval to tha atara ona would naad to iaprova thaaa 
capabllltiaa, aach by aonathlng lika 4 ordara of magnituda. 

Whara ara we coday? Two areaa ara labalad or tha curva - ona for 
chaaical rockata and anothar for SEPS. Chaaical rockata ara actually 
anargy liaitad ayataaa; that ia, thair ISP is liaitad by tha anargy of 
propallanta and ara not raally applicabla to thia curva. Howavar, it ia of 
intaraat that thair accalaratlon capabllltiaa ganarally axcaad 1 G and 
thair apacific impulsas ara typically 2 to 500 aeconda. Solar alactric 
propulaion ayatama now in davalopoant will provida an affactlva vahicla 
accalaratlon on tha ordar of 10~^ G'a. Tha bara propulaion ayataai can do 
battar, but onca lha maaa of propallant and payload ara takan into account, 
thia ia about tha figure. Poraaaabla advances in solar array power 
processing and thruster technology might improve this by up to a factor of 
2 to 6 to achieve 10 watts per kilogram for tha entire propulsion system. 

A 10 watt per kilogram propulsion system can raach Jupiter in just over a 
year. 


Large advances are needed to get into tha range of real interest . 

100 watts per kilogram to 1 kilowatt par kilogram of vehicle mass would 
begin to open up the solar system to routine traval. Thaaa, again, are 
vehicle levels, and tha bara potrar system level should be roughly c factor 
of 10 battar or 1 to 10 kilowatts par kilogram. By way of comparison, 
modern aircraft jet engines deliver approximately 10 kilowatts of thrust 
power per kilogram of engine weight. Liquid rocket engines do something 
like a factor of 100 better, roughly 1 megawatt per kilogram of bare engine 
weight. These systems, however, c.an dump the cycle waste heat overboard in 
the jet. In the area of space propulsion, it is likely that only direct 
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nuclear systeme of eoM eort will achieve these kinds of perforaance 
potentials. Systems whxch must generate electricity, reject waste heat 
through apace radiators, and use the electricity to accelerate a propellant 
will have a very difficult time ever reaching such perforaiance levels. 
Nuclear fission systems are specific impulse liad.ted to soMthing like 2000 
seconds ISP, even for very advanced concepts. Fusion systems may 
eventually achieve such performance levels if charged particle reaction 
sdcro-explosion systems can be developed. 

3.7 coacluaiona 

Consideration of new mission capabilities has esgphasized the need 
for high efficiency solar coll arrays, solar thermal (dynasiic) po«>er 
systems, or uuclear po«rer systems to reduce satellite drag in low Earth 
orbit (LEO). More efficient power systems will also help to reduce array 
size and conserve station-keeping propellant. Long lifetizw mission 
requirements in LEO have exacerbated this problem. Longer lifetime 
batteries are needed for the same reason; improved battery charge-discharge 
efficiency will also help reduce solar collector sizes. Scientific 
missions place particularly severe requirements on the power system because 
they must often operate in hostile environments (e.g., near the sun, in 
energetic charged particle streams, or in cold, long duration missions) and 
simultaneously maintain the operation of delicate instruments which are 
sensitive to the electric and magnetic fields induced by the po*;er system 
itself. Power system shielding or concepts which do not generate 
electromagnetic fields are essential. In special cases (i.a., ionospheric 
particle and wave injection experiments), high voltage, pulsed power 
systems will be needed in the hundred kilowatt and hundred kilovolt range 
with a 50% duty cycle. Power transsdssion would help to elisdnate the need 
for batteries in those sd.ssions where the stored power requirements are 
extensive enough to make remote power supply costs allow;Q>le; it might be 
feasible to meet power demands from 100 kW up to tens of megawatts in this 


way. 
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Advanced propulsion. Including solar slsctric propulsion, clsarly 
bsnsfits from tha dsvslopmsnt of nsw and advancsd spacs powsr systsms. 

Easy travel within the solar system and the possibility that star travel 
might be eventually achievable provides a long range motivation for 
investigating very high specific power sources, such as gaseous nuclear 
rockets, and fusion sources, such as an updated thermonuclear version of 
the Orien concept using repetitive micro-explosions to provide high 
specific impulse thrust. 

In the following section both routine and advanced generic missions 
take an important po.rt in the evaluation of new and advanced energetics 
technolog.'i )S . The foregoing discussion provides the background and 
motivating information for carrying out this part of the evaluation. In an 
effort to ensure that the use of mission analysis is continued as a tool 
for determining needs in aulvanced energetics, we recomsiend that studies be 
carried out periodically to investigate new mission applications and the 
enhancement of existing mission capabilities through the use of advanced 
energetics technologies . 



Section 4 


COMPARATIVE EVALUATION 


4.1 Introduction 

As a result of the technology aissessnents in Sections 2.1 to 2.5 amd 
the mission analysis of Section 3, we have identified numerous prospects 
having potentially high payoff for advanced space energetics. In this 
section these technologies are rated according to their probable payoff, 
the technical risks involved in achieving high performance, and the level 
of investment required to demonstrate their potential. Only the top 43 
prospects were considered. The potential for enhancing planned missions 
auid for the enablement of new missions is also used to help evaluate these 
technologies . 

The committee's judgement played the most importamt role in 
selecting and rating the technologies. Clearly, different results will be 
obtained when a different group of people evaluate the saune technologies, 
depending on their judgement and the weighting factors employed. 
Nevertheless, it is possible to draw useful information from this process, 
which has reinforced the committee's judgement concerning the highest 
priority technologies. These lead to the recommendations contained in 
Section 5. 

4.2 Approach 

The relative merits of the technology items were compared in terms 
of "intrinsic" and "applications" factors. The intrinsic factors were: 

Investment - What investment is required to realize 
significant progress on this item? 

Risk - What is the risk of failure to achieve 
significant progress? 
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Payoff - How great la the payoff ( 1 . e . , performance 
improvement) if the venture is successful? 

Each factor was rated low, medium, or high based on the judgement of the 
coBisittee. Judgement used in assigning the ranks of ) jw, medium, and high 
implicitly accounts for the degree to which individual technologies might 
exceed the performance benchsiarks for energy storage, conversion, 
transmission, and processing, the existence of technological barriers to 
their developsient, and the estiisated cost of that developsient . 

An applications rating was developed by selecting thirteen 
representative new missions from NASA planning literature. The missions 
are comprised of three generic "routine" missions and some additional 
isiaginative missions. The "routine" missions are widely discussed in 
future space mission literature. The atdvanced missions were derived from 
NASA material on imaginative mission sources such as the space systems 
technology model. 

A wide variety of potential applications fall under the category of 
high power spacecraft. In this discussion a high power spacecraft is one 
that uses electrical or other power at several kilowatts or above. It 
excludes power beaming spacecraft, such as solar power satellites, which 
are covered under imaginative missions. There are a great number of 
potential space applications, science, communications, or manned siissions 
requiring high power spacecraft with power levels ranging from a few 
kilowatts to at least a few megawatts and perhaps more. 

Outer planet exploration was divided into a routine category and an 
advanced category. The advanced category includes such missions as Mars 
sample return and mamned planetary siissions. 

Space industrialization in the routine category includes primarily 
such missions as space processing of materials in zero gravity. High 
power, advanced communications satellites can fall into either category. 
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Th« sourc* matarlal for imaginative mlsslone Included more than 50 
specific missions. Many of these require advancements in engineering or 
scientific technique in areas other than energetics. Insofar as energetics 
are concerned, most of these missions fall into the high power spacecraft 
category or require high po%rer spacecraft for support, e.g., a manned apace 
construction base to build some of the very large instruments. Others fall 
under such categories as advanced planetary eiq>loration, planetary surface 
or atmospheric vehicles, hostile environment vehicles, or may require 
advanced space propulsion to enable their accosiplishsient . Several of the 
missions have unique needs for space energetics and were explicit.*) y called 
out in the matrix. One mission - asteroid deflection - found little in the 
advanced energetics research areas that was applicable. Asteroid 
deflection will require some form of very advanced space propulsion and, in 
that regard, the energetics areas applicable to advanced space propulsion 
would also be applicable here. 

The matrix is coded in three ways. First, a blank means the 
energetics technology either has no application or is judged very unlikely 
to have an application. The second category, P, indicates a possible or 
potential application. It is assumed that the advanced energetics 
technology will be successful, but if a P is entered it means that even if 
successful it might not be used. Finally, an X is used to indicate 
definite or important applications where, if the technology is successfully 
developed, it will alsiost certainly be used. 

4.3 Results 

Since the bulk of the study was devoted to understanding the status 
and intrinsic performance potential of advanced energetics concepts, the 
most significant ratings employed in this evaluation are those associated 
with payoff, risk, and investment. The mission application ratings were 
necessarily more superficial due to the scope of the study. Nevertheless, 
the mission ratings do indicate preliminary perceptions of the utility of 
various advanced concepts . The results of these ratings are shown in Table 
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4.1. Section nunbera rafax to tho.'^a sactlons of this report where a 
particular technology is discuaaed. Theca reeults are taken into account 
but form only part of the proceas of arriving at the final recooiMndationa 
for research suimarizad in the next section. 




Efflru'nt Uis«t Transaitter 
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section 5 


RESEARCH RECOMMENDATIONS 

The evaluation of advanced energetics technology begun in Section 4 
is carried to its final stage in this section. Priorities for ranking the 
advanced energetics technologies evolved during the course of this study 
and are sunaaxized below. In ranking these technologies the conmittee 
relied strictly on their own judgesant. A aore objective ranking procedure 
should be applied at soae point in the future to verify the results 
presented in this section. The outcome of the committee's evaluation forms 
the basis for a series of research studies and project recommendations 
presented here for the NASA Advanced Energetics Program. 

5.1 R & D Pri orities 

R & D priorities for the Advanced Energetics Program have been 
selected which emphasize the role that this program can play in supporting 
high risk but high payoff ideas which are key technologies in the 
sequential development of more complete, high performance space power 
systems. This rationale evolved over the course of the study from numerous 
observations of technologies which were or were not being cultivated for 
space power systems as well as the fortunate conclusion that there are many 
potentially high payoff concepts to be explored. 

As a consequence, those technologies rated ais having high payoff 
were ranked highest, with the ratings of risk and investment cost playing a 
less important role. This approach constitutes a narrowed focus to the 
ratings presented in Section 4. Since the mission applications were not the 
direct subject of this study, the mission ratings were used only to better 
qualify the nature and direction that research should take on the proposed 
topics, instead of using mission ratings to explicitly rank the 
technologies . 

The list of technology R fi D project areas evaluated in Section 4 
has also been evaluated with respect to the sequence required for orderly 
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•xploration of related concepts, most notably in the thermal conversion and 
power beaming areas where the feasibility of a primary technology should be 
established before the rest of the elements are investigated. This 
evaluation also involved an identification of the long lead time 
technologies such as high po%fer, high temperature conyponents and materials 
requiring immediate attention, we have also endeavored to recognize those 
project areas which may receive concurrent support by parallel programs 
within NASA or other agencies, with the understanding that such support 
might serve similar goals. 

5.2 Project Area Reco mmendations 

As a result of the evaluation process described above, we recommend 
that the following project areas be considered for the NASA Advanced 
Energetics Prograun: 


PROJECT AREAS 

Highest Priority fhiah oavoff. low to moderate risk and coat^t 
Flywheels for Spacecraft Energy Storage 
» Rotating Bed Recuperators for High Temperature Power Cycles 
High Temperature Solar Receiver 
Multi-Bandgap Advanced Photovoltaics 
New, High Temperature Materials for Thermoelectrics 
Nickel Electrode Structure and Electrolyte Interaction 

Second Priority /high payoff 
High Temperature Batteries 

Thennoelectric/thermionic Compound Converter 
Thermoelectric "packed-bed" Converters 
High Temperature Electrolysis with Intermediate 
Temperature Fuel Cell 
Free Piston Expander 

* Energy Exchanger Expander 

• Droplet Radiators 
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* Rotating Bad Raactor (RBR) Systra 

* Larga Araa Photovoltaic Xrray Daployaant Schanas 
LightvMight Solar Concantrators 

* Milliaatar Phaaad Array Transaittara and Racaivars 
High Taaparatura Solid Stata Coaponants 

Supar Ionic Solid Conductors 

« Efficiant Lasar Transaittars 
High Taaparatura Inaulatora for Tharaionica 

Third Priority t modarata to high payoff and low coat ^ t 
Flywheel Energy Storage/ Altitude Control Combination 

* Graphite Particulate Theraal Storage 

* Microrectennas for Honochroaatic Sources 
High Efficiency Transforaars 

Advanced Photovoltaics t 

Radiation Resistance (including annealing) 

Encapsulation 

High Solar Concentration Calla (high intensity , 
high taaparatura ) 

Efficiency Improveaent of Single Cells 

* Long Heat Pipes (flexible joints, high specific pother) 

Thermally Regenerated Fuel Cell 

Because the thrust to higher po%rar is a natural, underlying theme for the 
Advanced Energetics Program, we have identified with an asterisk those 
project areas which relate specif icially to high power systems. 

These recommendations include technologies such as the advanced 
energy storage concepts which could be brought into a stata of davalopsMnt 
where flight testing could take place, on a relatively short tisM scale in 
some cases, which would benefit a large number of planned Earth orbital 
missions involving various degrees of solar occultation, high power 
delivery, long life, and high reliability. The advanced thermal conversion 
concepts recommended above span technologies which could radically improve 
the efficiency and power levels of space power systems over current RTGs 
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and photovoltaic call systaaa using solar snsrgy and/or ( in ths casa of tha 
high tempo rat ura expandar alamant ) nuclaar anargy. Tha po«Mr baasdng 
concepts would enable new mission capabilities such as dispensing with 
energy storage raquirasiants on LEO and GEO, orbital transfer, and other 
planetary surface and orbital missions. Lastly, tha advanced power 
processing concepts impact virtually every mission conceivable, especially 
in the high power end of the mission spectrum where processing efficiency 
and waste heat disposal are important problem areas. 

The application of program priorities in the energy conversion area 
is straightforward: the leading criteria are to support te ;hnologies 

leading to higher power, reliable, lightweight systems. In the field of 
photovoltaics, higher powers can be achieved by increasing the collection 
area: a project concept of investigating novel deployable large arrays has 

been identified. The project area involving multi-band gap photovoltaic 
cells has a high potential for increasing the overall efficiency of such 
conversion. We have also identified a class of advanced photovoltaics 
which involve radiation resistant/annealable cells, advanced encapsulation 
techniques, high concentration ratio photovoltaic cells, and improved 
efficiency of single cells as an important project area. 

In the field of thermal energy conversion, scaling to higher powers 
and lighter weights will require larger, lighter weight radiators. Two 
approaches have been identified: long heat pipe radiator concepts and 

novel droplet radiator concepts. High temperature radiators of necessity 
require even higher temperature thermal converters. Several high 
temperature conversion concepts have been identified, including the free 
piston expander/generator and the energy exchanger-turbine concepts. 

These, in turn, reqi^ire high temperature sources such as the Rotating Bed 
Reactor System or lightweight, high concentration ratio solar 
concentrators. In large sizes (i.e., at high powers), such collectors must 
be carefully configured as well as lightweight. High temperature solar 
receivers will also be required for this option; for example, the 
particulate (e.g., RBR), ioped-gas, or alXali-metal solar receivers. A 
critical component category Cor high temperature Brayton cycles is 
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•x«mpllfl*d by th« rotating bad racuparator projact araa. SlBllarly, high 
tamparatura nuclaar raactor concapts (a.g., RBR) ara also dasirabla, but 
axperinants may ba bayond tha scopa of tha Advancad Cnargarlcs Program 
bacausa of tha axpandituras raqulrad. 

Diract anargy convarsion tharmal powar systam projacts laadlng to 
highar spaciflc powars Includa tha advancad tharmoalactric and tharmionic 
projact araas listad abova and tha iioval concapt of high tamparatura 
alactrolysls couplad with an Intarmadlata tamparatura fual call. A 
companion program In noval high tamparatura Insulators for thanalonlcs and 
other high temperature, advanced energy conversion techniques Is also 
recommended . 

Energy storage is needed mostly for missions Involving solar 
occultatlon (e.g., LEO, GEO, Noon Surface, Planetary Orbitar, ate.) and 
for high powar communications during short Intervals. In this sense, 
improvements In energy storage have a vary wide impact. Tha spaciflc form 
of energy storage will depend on tha convarsion system. In particular, 
thermal anarqry storage and tharmochamical anargy storage ara two areas 
selected for study. These areas ara represented by graphite particulate 
thermal storage concepts and thermally regenerative fuel cells. Elywheal 
energy storage systems, the nic)cel electrode structure for advancad 
batteries, and high temperature batteries also show high potential for 
scaling to higher po%rars and for Improved storage potential for converters 
which produce electricity without thermal or chemical energy as 
Intermediate steps. The superionic solid conductor projact araa «K>uld 
contribute generally to high temperature b«*‘tery, fuel cell, and 
electrolysis systems. 

The greatest advances in powar transmission are likely to coma in 
tha use of lasers and phased millimatar arrays. NASA's needs ara for 
continuous (e.g., days to weeks) high power output and intermittent powar 
for 35 to 70 minutes in the case of LEO and GEO solar occultation. It may 
be in NASA's interests to orbit power stations to accomplish its goals, in 
which case solar powered lasers and microwave transmitters may be 
attractive in terms of weight and scalability. The Advanced Energetics 
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Pro^ran n««ds to datarmlna th« bast powar transmission altarnatlva from a 
systems point of view, including tha problams of transmission and 
conversion at the receiving end as well as tha faatures of tha cantral 
power satellite itself. High efficiency receiver concepts, including 
nicrorectenna and millimeter wave receiver concepts, have been selected for 
further study. 

Lastly, power processing «»ould benefit enormously from lower losses 
and lighter radiator masses. Again, this can be accomplished by operating 
the radiator and, hence, the power processing equipeient at higher 
temperature. High temperature solid state power processing components have 
been selected as a primary project area. Similuly, novel materials such 
as Met Glas are reconmiended for investigation related to transformer amd 
other inductive components. 

Those technologies which enable the use of other advanced power 
system components include, for example, the lightweight lairge solauc 
collector, novel and high temperature radiators, high temperature 
recuperators, and high temperature solar receivers ais technologies which 
must precede the development of high power, solar thermal, or nuclear power 
systems. Similarly, high efficiency laser receivers will enable laser 
power transmission to be used. Novel large deployable arrays and more 
efficient photocells will also allow higher po%rer solar photovoltaic arrays 
to be used. These technologies deserve emphasis early in the Advanced 
Energetics Program because without them many of the other technologies 
selected for investigation would not %ror)c well. 

Those technologies affecting the largest number of missions, mainly 
the energy storage and power processing concepts, also should be emphasized 
because their payoff is felt numerically even with modest advancements in 
their performance. 

We also recommend that the following study topics be considered for 
the NASA Advanced Energetics Program. The purpose of these topics is to 
improve the state of understanding and data enough to evaluate the 
potential for improved performance in particular areas of technology and to 
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h«lp •atabllsh fixiMi: raaaarch prioxitlaa through a coaipariaon of conpating 
technologies. Without any preference intended by their order, these 
reconnnended topics are: 

STUDY AREAS 

1. Evaluate NASA's needs fox high power nuclear sources 
and coBipare to alternative solar power systems. 

2. Evaluate the relative aulvamtages of concentrator 
photovoltaics versus flat photovoltaic arrays. 

3. Evaluate the relative advantages of solar thermal 
versus photovoltaic poorer systems. 

4. Evaluate the relative aidvantages of photovoltau.c array 
deployment versus array assembly in space for higher 
power systems. 

5 . Determine the merits of power beasiing versus local "on- 
board" power generation. 

6. Review and evaluate alternate high temperature battery 
candidates . 

7. Review and evaluate alternate high temperature gas 
expanders for thermal power systems . 

8. Detersdne the critical problem areas in high power 
spacecraft processing and distribution systems, 
emphasizing the consideration of high voltage level, 
high current level options and the interaction with the 
spacecraft envj ronment . 
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9. Evaluate the dealrablllty of Zero G atudlea (e.g., to 
denonstrate the operation of condenaatlng rauliatora, 
long heat pipes, etc.)* 

10. Inveatigate new miaaion applicationa and the 
enhancement of exiating miaaion capabilitiea through 
the uae of advanced energetica. 

11. Compare the relative merita of thermophotovoltaic, 
thermionic, and thermoelectric power systems. 

12 . Evaluate the relative advantages of new laser sources 
for space power transmission. 

13 . Determine the need for energy storage for pulsed power 
amongst NASA's mission r«;quirements . 

14. Conduct a systems study of autonomous controls of povrer 
systems, especially the battery subsystem. 

5.3 Conclusions 

The outcome of this study has yielded several notable results; 
namely, that large advances in performance are potentially feasible in the 
areas of energy storage and power processing technologies through the 
exploration of advanced concepts. Advanced solar and nucleeu: energy 
technologies have the potential for lightweight, high power and high 
thermal conversion efficiencies. New mission capabilities may also be 
enabled, principally in the area of thermal energy conversion and power 
transmission. 

Clearly, a large list of interesting and useful advanced energetics 
R & D topics has emerged during this study. This list should be reviewed 
and revised periodically as the technologies develop and as NASA's 
priorities change. The important features of the technologies recommended 
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arc that thay hava tha potantial for larga improvananta in parformanca in a 
significant numbar of ganarlc mission catagorias and/or thay show vary 
strong promisa of enabling entirely new missions, aui discussed in Section 
4. Hence, the payoff in supporting R & D in these areas would be fait 
widely throughout NASA and would raise tha agency's ability to respond to 
new missions and to new space requirements. 
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